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OBJECTIVES 
Observat ions  of  the  long-per iod var iable  s tar  (LPV)xCyg by Merr i l l  
(1947,  1953)  showed anomalous  emiss ion l ines  which were  la ter  a t t r ibuted 
to  the  dia tomic  molecule ,  a luminum hydr ide  (Herbig ,  1956) .  Al though the  
nature  of  the  emiss ion process  has  been expla ined (Herbig  and Zappala ,  
1968) ,  the  condi t ions  necessary  for  i t s  occurrence  in  LPV a tmospheres  
have not  been fu l ly  inves t igated.  The object ives  of  th is  d isser ta t ion 
are  the  const ruct ion of  a  model  of  an  LPV a tmosphere  and u t i l iza t ion of  
th is  model  to  expla in  the  observed var ia t ions  in  AlH emiss ion l ines .  
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INTRODUCTION 
The a tmospheres  of  the  LPVs a re  not  s imple ,  wel l -def ined sys tems.  Ob­
servat ions  by Merr i l l  (1923) ,  Joy (1954) ,  Wal lers te in  (1975) ,  and Pierce  
e t  a l .  (1979)  show se ts  of  l ines  wi th  d i f ferent  veloci t ies  occurr ing 
s imul taneously ,  var ia t ion of  these  veloci t ies  over  the  per iod of  the  s tar ,  
and s t rong emiss ion l ines  fol lowing the  phase  of  maximum l ight .  The 
l ight  curves  genera l ly  exhibi t  a  s teep r i se  to  maximum fol lowed by a  
gradual  decl ine  (Campbel l ,  1955) .  This  observat ional  evidence i s  consis­
tent  wi th  the  presence of  a  s t rong shock wave emerging near  maximum l ight  
and progress ing through the  a tmosphere  as  the  cycle  advances .  Such a  
shock d iss ipates  energy,  pr imar i ly  by radia t ion from the  re laxat ion zone 
. immediate ly  fo l lowing the  shock f ront .  The observed AlH emiss ion i s  ex­
pected to  or ig inate  f rom th is  zone.  
Al though hydrodynamic models  of  L?V a tmospheres  have been ca lcula ted  
(e .g . .  Hi l l  and Wil l  son,  1979;  Wood,  1979) ,  they general ly  have not  
fdeivr teTy invPst igarAu ul ie  de ta i led  physics  of  the  re laxat ion zone,  
where  the  heated,  compressed gas  adjus ts  towards  equi l ibr ium.  A de ta i led  
calcula t ion of  the  s ta te  of  the  gas  as  i t  proceeds  through non-equi l ibr ium 
s tages  between success ive  shock passages  i s  needed before  a  complete  
unders tanding of  exis t ing observat ional  data  may be  a t ta ined.  
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BACKGROUND 
Observat ions  
Aluminum hydr ide  l ines  have been observed in  a  number  of  stars,  
general ly  in  absorpt ion.  Davis  (1947)  found AlH absorpt ion bands  among 
the  s t rongest  molecular  fea tures  in  the  normal  M-type g iant  g Peg,  and 
Grat ton (1952)  found the  (0 ,0)  and (1 ,1)  absorpt ion bands  in  the  K-type 
g iants  aSer  andaUNa.  Maehara  (1971)  noted the  presence of  AlH absorpt ion 
bands  in  Mira  var iables  whi le  Fuj i  ta  (1951)  found two AlH absorpt ion l ines  
in  X Cyg.  AlH thus  appears  to  be  a  common molecular  species  in  cool  
s tars ,  due largely  to  the  re la t ively  high abundance of  i t s  const i tuent  
a toms,  
Emiss ion l ines  of  AlH are  less  common in  s te l lar  spect ra .  Merr i l l ' s  
extensive  s tudies  of  the  postmaximum spect rum of  % Cyg (Merr i l l ,  1947,  
1953)  l i s ted  numerous  unident i f ied  br ight  l ines ,  many of  which were  la ter  
ident i f ied  by Herbig  (1955)  as  f ragments  of  AlH bands .  The presence of  
only  f ive  to  l inps  in  p^cn branch hindered ear l ier  ident i f ica t ion 
ef for ts ,  but  a lso  provided a  c lue  to  the  emiss ion mechanism involved,  
namely inverse  predissocia t ion.  This  was  descr ibed by Herbig  (1956)  and 
r  kw U'ov^TÏn 3 nH 7 3 H H 1 3 
other  ident i f ica t ions  of  AlH emiss ion l ines  have been made in  spect ra  
of  the  Mira  var iables  R Cyg,  R And,  R Leo,  W Hya,  and Mira  i t se l f  (Merr i l l  ,  
1960) ;  AlH emiss ion was  a lso  seen in  the  spect rum of  the  pecul iar  emiss ion 
object ,  V1016 Cyg,  which has  been suggested as  a  poss ible  pre-planetary  
nebula  (Fi tzgera ld  and Pi lavaki ,  1374) .  The AlH l ines  in  V1G15 Cyg,  as  in  
X Cyg,  appear  as  f ragments  of  Danes ,  wi th  only  a  few l ines  in  each branch.  
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The appearance of  the  AlH emiss ion l ines  in  LPVs depends  on the  phase  
of  the  cycle ;  beginning near  phase  0 .3  the  l ines  gradual ly  emerge "f rom 
the  ordinary  postmaximum emiss ion spect rum. . .  a  ra ther  r ich  br ight- l ine  
spect rum that  grows more  prominent  as  the  s tar  descends  to  minimum l ight"  
(Herbig ,  1955) .  The AlH emiss ion l ines  are  found a lmost  exclus ively  in  
LPVs,  which per iodical ly  generate  condi t ions  favorable  to  the  emiss ion of  
the  l imi ted  se t  of  l ines  observed.  
Theory of  AlH Format ion 
According to  the  analys is  by Herbig  (1956) ,  the  AlH emiss ion l ines  
form by the  inverse  predissocia t ion mechanism,  which was  descr ibed in  
general  by Herzberg  (1950)  and for  AlH molecules  in  par t icular  by 
Stenvinkel  (1939) .  The e lec t ronic  s ta tes  which par t ic ipate  in  the  t rans i ­
t ion are  A^n (upper  level )  and (ground s ta te) .  The potent ia l  curves  
for  these  two s ta tes  are  depic ted  in  Figure  1 .  (D^ i s  the  d issocia t ion 
l imi t  of  the  ground s ta te  molecule . )  
A1 and H a toms approaching each o ther  f rom large  in ternuclear  d is ­
tances  ( r )  may form a  molecule  in  the  A' i i  s ta te  i f  the  combining a toms are  
both  in  ground e lec t ronic  s ta tes .  The s tabi l i ty  of  th is  molecule  depends  
on the  re la t ive  kinet ic  energy (E)  of  the  two a toms.  For  E > ,  no 
bound s ta te  i s  poss ible ,  and the  a toms f ly  apar t  wi thout  forming a  mole­
cule .  For  a toms wi th  E = Eg,  a  bound s ta te  can be  a t ta ined by tunnel ing 
through the  barr ier  (B)  to  reach the  shal low potent ia l  wel l  to  the  le f t  of  
the  barr ier .  The probabi l i ty  of  th is  recombinat ion decreases  as  E ap-
Droaches  E^ = 0 ,  where  the  width  of  the  barr ier  increases  substant ia l ly .  
On the  other  hand,  the  s tabi l i ty  of  those  molecules  which do form i s  
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increased as  E approaches  Eg s ince  a t  higher  energies  the  probabi l i ty  of  
tunnel ing back out  through the  barr ier  (predissocia t ion)  i s  enhanced.  
x'z 
r 
Figure  1 .  AIM potent ia l  curves  
The net  e f fec t  of  th is  potent ia l  barr ier  i s  the  popula t ion of  speci f ­
ic  levels  in  the  A"î i  s ta te ,  which are  ident i f ied  by the  ro ta t ional  and 
v ibra t ional  quantum numbers  J '  and v ' .  These  s ta tes  have a  considerably  
higher  probabi l i ty  of  making a  radia t ive  t rans i t ion to  the  ground s ta te  
than do those  s ta tes  which exis t  only  for  the  durat ion of  a  col l i s ion,  
i .e . ;  those  for  which E > Ei  .  The emiss ion l ines  observed by Herbig  and 
Zappala  (1963)  in  x  Cyg. ,  and by Fi tzgera ld  and Pi lavaki  (1974)  in  V1016 
Cyg.  show th is  ef fec t :  l imi ts  on J '  are  j '  = 17 22 for  V = 0  and J '  
6 
= 6  ^  12 for  v '  =  1 .  Thus ,  i t  i s  evident  tha t  the  AlH emiss ion l ines  are  
formed in  regions  of  the  a tmosphere  in  which substant ia l  molecular  recom­
binat ion ra tes  occur .  ( I t  should  be  noted that  the  inverse  predissocia-
t ion process  i s  not  common to  a l l  molecules ,  nor  i s  the  par t icular  shape 
of  the  upper  s ta te  potent ia l  curve ,  which makes  the  inverse  predissocia t ion 
poss ible-)  
The recombinat ion process  descr ibed occurs  more  eas i ly  a t  low temper­
a tures ,  where  the  a toms are  predominant ly  in  ground e lec t ronic  s ta tes ,  and 
a t  high densi t ies ,  where  col l i s ions  are  more  f requent .  The AlH emiss ion 
l ines  then are  expected to  or ig inate  f rom the  low temperature ,  h igh densi ty  
regions  of  the  re laxat ion zones  of  a tmospher ic  shocks .  
Shock Models  
Models  of  shock waves  in  s te l lar  a tmospheres  which are  found in  the  
l i te ra ture  general ly  fa l l  in to  one of  two ca tegor ies :  
1)  Models  of  the  deta i led  physical  processes  occurr ing in  the  
rec icn of  the  a tmosphere  immediate ly  behind the  shock,  i . e . ,  the  
re laxat ion zone;  
2)  Models  of  the  global  hydrodynamics  of  the  pulsa t ing s tar .  
Relaxat ion model  s  
Gcrbatski i  (1961)  modeled an  L?V shock wavs  which accelera ted  through 
a  neutra l  hydrogen a tmosphere  unt i l  maximum l ight  and then decelera ted  
thereaf ter ,  due to  gravi ty .  Using a  s tandard pre-shock densi ty  (NM  = iO")  
and a  post -shock temperature  d i rec t ly  dependent  on the  shock veloci ty ,  he  
expla ined the  observed var ia t ion of  the  hydrogen emiss ion l ines  over  the  
cycle .  
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Whitney and Skalafur is  (1963)  examined var ia t ions  of  temperature ,  
densi ty ,  and e lec t ron densi ty  in  a  p lane ,  s teady shock;  they assumed a  
pure  hydrogen gas  and a l lowed post -shock cool ing by radia t ive  recombina­
t ion,  nsglsc t i r .g  Sal ter  emiss ion cool ing.  For  condi t ions  appropr ia te  to  
W Virginis  s tars  = 6-7Q0QK),  they found that  radia t ion or ig inat ing 
from behind the  shock would ionize  and heat  the  preshock gas  s ignif icant­
ly .  Their  ca lcula t ions  predic t ing the  appearance of  the  Balmer  emiss ion 
l ines  agreed qual i ta t ively  wi th  observat ions  of  W Virginis  near  maximum 
l ight -
Klein  e t  a l .  (1975)  performed deta i led  ca lcula t ions  of  shocks  in  
much hot ter  (T = lOOOOK) a tmospheres .  They assumed a  pre-shock gas  of  
pure  hydrogen (wi th  only  one bound level )  in  radia t ive ,  hydrosta t ic ,  and 
s ta t i s t ica l  equi l ibr ium.  For  a  shock moving through the  gas  a t  constant  
veloci ty ,  they found an ionizat ion f ront  propagat ing ahead of  the  shock,  
a  pronounced temperature  spike  a t  the  shock f ront ,  and a  p la teau of  con­
s tant  ionizat ion behind the  shock due to  the  low densi ty  of  the  upper  
a imcspnere .  
Hydrodynami c  model  s  
Wood (1979)  used a  f i rs t -over tone pulsa t ion model  to  inves t igate  
mass  loss  in  Miras  for  both  adiabat ic  and isothermal  a tmospheres .  He 
found the  adiabat ic  case  to  be  unsat is fac tory  as  1 t  produced mass  loss  
ra tes  that  were  much too  high and a lso  resul ted  in  hot  post -shock regions  
that  were  l ike ly  to  provide  radia t ive  cool ing of  the  shock.  His  i so ther­
mal  case  (T_. ,  = 2750)  produced no cont inuous  mass  loss ,  but  ra ther  
occas ional  e jec t ions  a t  a  ra te  much lower  than observed.  
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Hil l  and Wil l  son (1979)  and Wil l  son and Hi l l  (1979)  developed models  
of  per iodic  shocks  in  isothermal  Mira  a tmospheres .  They found that  purely  
isothermal  shock models  can account  for  most  of  the  observed fea tures  of  
these  s tars ,  but  not  for  the  observed high mass  loss  ra tes ,  nowever ,  they 
a lso  found that  convers ion of  i sothermal  shocks  to  near-adiabat ic  shocks  
in  the  upper  a tmosphere  caused e jec t ion of  over ly ing layers ;  they con­
cluded that  devia t ions  f rom shock i sothermal i ty  in  the  upper  a tmosphere  
were  suff ic ient  to  account  for  the  high mass  loss  ra tes  observed.  
To date ,  the  two groups  of  models  have been mutual ly  exclus ive:  in­
ves t igators  have concentra ted  on only  one aspect  of  the  problem whi le  
neglect ing or  overs impl i fy ing the  remaining par t .  In  th is  d isser ta t ion,  
a  f i rs t  s tep  i s  taken towards  a  unif ied  shock model  which predic ts  the  
response  of  a  rea l is t ic  gas  to  appropr ia te  shock condi t ions  generated by 
a  g lobal  hydrodynamic model .  
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PROCEDURE 
Out l ine  of  Solut ion 
The AlH emiss ion observed in  LPVs occurs  when a luminum and hydrogen 
a toms combine to  form molecules  by the  process  of  inverse  predissocia t ion.  
Observat ion of  these  emiss ion l ines  in  LPVs impl ies  a  sus ta ined recombina­
t ion ra te ,  which in  turn  requires  s ignif icant  d issocia t ion a t  some point  
in  the  a tmosphere .  The most  l ike ly  dissocia t ing agent  i s  the  shock f ront ;  
the  recombinat ion region i s  then par t  of  the  post -shock re laxat ion zone.  
The ra te  of  emiss ion depends  on the  recombinat ion ra te ,  which depends  on 
the  densi ty  and temperature  s t ructure  of  the  re laxat ion zone.  Therefore ,  
a  prerequis i te  for  predic t ing AlH amiss ion i s  a  deta i led  model  of  the  re­
laxat ion zone.  
The re laxat ion model  requires  input  parameters  which character ize  
the  s ta te  of  the  pre-shock gas  and descr ibe  the  s t rength  of  the  shock.  
These  parameters  a re  not ,  en t i re ly  independent ;  e .g . ,  the  ampl i tude of  the  
shock and the  pre-shock densi ty  both  depend nn the  posi t ion of  the  shock 
in  the  a tmosphere .  Therefore ,  a  g lobal ,  dynamic  model  of  the  a tmosphere  
i s  used to  genera te  shock parameters  as  a  funct ion of  pos i t ion in  the  
a tmosphere .  For  these  shock condi t ions ,  the  re laxat ion model  i s  then ap­
pl ied  i tera t ively  to  solve  for  the  pre-shock condi t ions .  
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The Dynamic Atmosphere  Model  
Shock parameters  
The funct ion of  the  dynamic model  i s  to  generate  appropr ia te  input  
parameters  which represent  the  shock a t  a  par t icular  phase  and level  in  
the  a tmosphere .  The shock parameters  used by the  re laxat ion model  a re  the  
compress ion ra t io  and the  enthalpy increase  a long wi th  o ther  character is ­
t ics  of  the  shock.  The ve loci t ies  and densi t ies  are  shown schemat ica l ly  
in  Figure  2 .  
Vc = 0 
p\ 
Po 
Px 
U, 
u ,  
Po 
Figure  2 .  
R 
Shock veloci ty  diagram;  
b 
a )  s te l lar  f rame;  U ;  J  k I I  saiMvZ 
^ Ov*û_ç Wnr 'U r ionC"ÎT\ /  
P-,  Post-shock densi ty  
S Compress ion ra t io  
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Vq Outward veloci ty  of  post -shock mater ia l  
Vp Infa l l  ve loci ty  of  pre-shock mater ia l  (vp < 0)  
Post -shock veloci ty ,  re la t ive  to  shock (u^ < 0)  
UQ r ic-s i iuuN vciuvivj ,  ic iauivc  uu i in j i - t s  V"g ^  w y 
àv  Veloci ty  d iscont inui ty  across  the  shock 
AH Increase  in  enthalpy of  compressed gas  
These  quant i t ies  are  re la ted  as  fo l lows;  
"1  = Vo -  Vs ( I )  
Uo = Vp - Vg (2)  
Av = V -  v_ 
0  r  
= V^{1H^1)  • (3)  
0 
Applying conservat ion of  mass  across  the  shock boundary g ives  
(4)  
"1-1  "o-o  •  
rhpn  the  comnrpss ion  ra t io  i<  
 ^  ^= û!" • 
• u 1 
These  shock re la t ions  can be  wri t ten  in  terms of  three  bas ic  parameters  
ci : ;u  -po  = ;  r / j  ;  :u; :  '_c : :  uc  ca^:  go i unv i ,  i  « jmc >_ i  v  ic  
shock posi t ion (R):  
AV = V^f l  +  Wp^)  (6)  
f - 7 \  
^0 ~ '  'O^ 'pg/  /  
12 
+ V Wr 
S = ;  _ ;  Fn (8)  
s  0 
AH = 
= %Vo"(w"Fo "  ^  "o- ' s '^ '^Fo ^  - )  '  
The outward veloci ty  v .  i s  assumed to  fol low the  re la t ion v = ev  (Hi l l  
and Wil lson,  1979) ,  where  g  i s  a  constant  and v^  = V2GM/R i s  the  escape 
veloci ty  a t  the  shock posi t ion.  Def ining a  d imension!ess  radius  Ç  H  R/Rq ,  
where  Rq  i s  the  s te l lar  radius ,  g ives  
Ve,  
Vo(ç)  = 6  (10)  
whore  
vT 
VP  ^ '*•> 
V r  
rhê  Guant i tv  ! — ! has  been determined by Wil l  son (1980)  to  be  a  funct ion 
•  V  ^  •  
of  the  pulsa t ion constant  Q = P^M/R^ :  
Vp 
'Po ~ !  T7~ i ~  maximum of  {(4 .2  + l .S  log 0) ,  1 .0}  .  (12)  
0 
The shock veloci ty  v^ i s  assumed to  be  constant  throughout  the  a tmosphere;  
th is  i s  consis tent  wi th  the  behavior  of  the  shocks  in  Hi l l ' s  hydrodynamic 
models  (Hi l l ,  1977) .  The constant  veloci ty  assumpt ion a lso  a l lows a  much 
eas ier  coupl ing of  the  re laxat ion models  to  the  phase .  
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The value  of  v^ i s  determined indi rect ly .  Equat ion S  can be  re­
wri t ten  in  the  form 
S 0 
which can be  rearranged to  g ive  
V3 = v„  .  ^  .  (14)  
Since  Vq and Av are  known funct ions  of  ç ,  the  shock veloci ty  can be  se t  
by choosing the  value  of  S  a t  one point  in  the  a tmosphere ,  e .g . ,  Sg = 
S  a t  ;  = 0 .  Once v^  i s  known,  the  values  of  S ,  AH,  and the  remaining 
veloci ty  parameters  can be  determined as  funct ions  of  (The choice  of  
Sq  i s  not  very  cr i t ica l  as  i t  has  a  smal l  e f fec t  on v^ as  becomes la rge .  )  
S te l lar  parameters  
As the  bas is  for  a  given model ,  cer ta in  s te l lar  parameters  a re  se lec t ­
ed.  The mass  ( f l ; ,  per iod (P) ,  and radius  (R^)  of  the  s tar  are  necessary;  
however .  Hi l l  and Wil lson (1979)  found that  the  a tmospher ic  dynamics  in  
the  isothermal  case  depend mainly  on Q,  i . e . ,  the  mode of  pulsa t ion.  
The s te l lar  parameters  a re  chosen as  fol lows for  the  two modes  considered:  
For  fundamental  mode pulsa tors ,  M and P a re  chosen and the  re la t ion 
log ?J1^ = 1 .85 log -  1.79 (Wil lson,  1980)  (15)  
i s  appl ied  to  f ind Ro (P  in  days ,  M and R_ in  solar  uni ts ) .  
14 
The pulsa t ion constant  i s  then given by 
Qo = •  (16)  
For  over tone mode pulsa tors ,  se t  Q = 0 .^035;  
a f ter  M and P a re  chosen,  i s  found f rom 
Ro = 117)  
^0 
For  both  modes ,  the  value  of  Q a t  d i f ferent  points  in  the  a tmosphere  i s  
given by 
Q = .  (IS)  
The shock re la t ions  given in  the  previous  sect ion can then be  solved to  
produce the  shock condi t ions  a t  any level  in  the  a tmosphere .  
The d is tance  between success ive  shocks  i s  
v .P  
A;  = n— ,  and the  phase  re la t ive  to  ç  = 1  is  Kq 
Y AÇ •  •  
Thus ,  the  constant  veloci ty  shock model  re la tes  a l l  shock parameters  to  
the  posi t ion and phase  of  the  shock for  a  s tar  of  g iven mass ,  per iod,  and 
pulsa t ion mode.  
Densi ty  d is t r ibut ion 
The parameters  which character ize  the  s ta te  of  the  gas  ahead of  the  
shock are  funct ions  of  the  shock posi t ion,  The most  c r i t ica l  gas  
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parameter  in  determining the  s t ructure  of  the  re laxat ion zone i s  the  
densi ty .  The var ia t ion of  the  densi ty  wi th  radius  i s  roughly  exponent ia l ;  
the  ra te  of  th is  var ia t ion i s  given by the  scale  height ,  H,  def ined as  the  
dis tance  over  which the  densi ty  var ies  by a  fac tor  of  ^^e ,  i . e . ,  
<20)  
The sca le  height  and resul t ing densi ty  d is t r ibut ion are  formulated in  
terms of  the  global  i so thermal i ty  condi t ion,  in  which a  constant  tempera­
ture  d is t r ibut ion i s  assumed.  This  approximat ion i s  made to  fac i l i ta te  
calcula t ions  by e l iminat ing the  in terdependence of  the  re laxat ion model  
and the  dynamic  a tmosphere  model .  
The s ta t ic  scale  height  corresponding to  a  g iven model  i s  found f rom 
the  hydrosta t ic  equi l ibr ium equat ion:  
^  —P9 • (21)  
Using 
and 
g ives  
P = ^  
m 
g  = ^  (23)  
r  
1  dp  _  GMm .  1  T -
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As can be  seen,  the  scale  height  can be  expressed as  the  ra t io  of  thermal  
(k inet ic)  energy (which holds  the  a tmosphere  up)  to  the  gravi ta t ional  
force  (which pul ls  the  a tmosphere  down) .  A dynamic  sca le  height  may be  
f  ko aHHî+innal  ûnovnx/  which 1  < snnnl ipH hv f  h  A 
shock to  held  the  a tmosphere  up.  This  energy i s  the  mean k inet ic  energy 
of  the  gas  f low which can be  es t imated by 
KE = ^m<v^> 
= ^  V 2 
0 
—  ^ V • 7  (25)  
^0 G 
where ,  as  before  
V 2^ ^  
%o ' 
(This  express ion for  the  k inet ic  energy resul ts  in  a  densi ty  d is t r ibu­
t ion s imi lar  to  that  found in  the  isothermal  models  of  Hi l l  and Wil l  son 
(1979) . )  
' .ne  dynamic  sea  i s  neiyht  V"q/  u  ;  ;  en  be  cxpresscu as  the  ra t io  of  
the  k inet ic  and thermal  energy of  the  gas  to  the  gravi ta t ional  force:  
k'n + 4mnV ^ 
U  -  ^ ^  
"D GMmg 
j—^ r  -  s-c  I a ,  {27} 
i l l lnV_ i 
I " =0 J 
where  mn and !p,  a re  constants .  
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Inser t ing th is  express ion in to  the  def in ing equat ion (Eq.  20)  g ives  the  
d i f ferent ia l  equat ion 
Hfln  = —L-ÉL (28) 
where  2k1 
n  = 
Ve ,  
'he  solut ion i s  
p _  
p*  
n  +  I 
where  
n  +  6  
p =  p* a tc= 1.  
( 9 Q \  
This  provides  a  reasonable  approximat ion to  the  pre-shock gas  densi ty  for  
a  shock a t  radius  ç ,  provided the  temperature  i s  essent ia l ly  constant  over  
the  range of  ;  considered.  
I t  i s  more  convenient  in  pract ice  to  use  densi ty  as  the  independent  
parameter .  Therefore ,  in  the  ca lcula t ions ,  the  densi ty  i s  chosen and 
the  above re la t ion (Eq.  29)  produces  the  locat ion of  the  shock.  From 
the  phase  a t  which the  shock ar r ives  a t  that  posi t ion,  the  shock s t rength ,  
and o ther  shock oarameters  a re  then determined.  
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The Relaxat ion Model  
Descr ip t ion of  the  model  
The re laxat ion model  i s  a  means  for  s tudying the  response  of  a  par t ic­
ular  mass  shel l  in  the  a tmosphere  to  a  g iven shock.  I f  the  gas  in  the  
mass  shel l  i s  assumed to  be in  a  s ta te  of  chemical  equi l ibr ium before  the  
shock ar r ives ,  then the  temperature  and densi ty  are  suff ic ient  to  descr ibe  
the  pre-shock gas :  equi l ibr ium calcula t ions  can be  performed to  determine 
species  concentra t ions  and o ther  gas  proper t ies .  When the  shock encounters  
the  mass  shel l ,  the  equi l ibr ium is  des t royed,  and a  ser ies  of  in terdepen­
dent  processes  i s  in i t ia ted  which dr ives  the  gas  conf igurat ion in  the  
d i rec t ion of  a  new equi l ibr ium.  
At  the  shock f ront  the  k inet ic  energy of  the  di rec ted mot ion of  the  
infa l l ing pre-shock gas  par t ic les  i s  conver ted  a lmost  ent i re ly  to  thermal  
energy of  random par t ic le  mot ion.  This  i s  accomplished through col l i s ions  
in  a  very  shor t  t ime,  and resul ts  in  a  high k inet ic  temperature .  At  
th is  point ,  the  gas  has  been compressed and has  absorbed addi t ional  energy 
in  the  form of  high par t ic le  veloci t ies ;  i t  i s  not  in  equi l ibr ium,  however ,  
as  an equi l ibr ium gas  wi th  the  same energy content  would have a  lower  
temperature ,  wi th  some of  i t s  energy s tored in  o ther  degrees  of  f reedom,  
such as  ionizat ion,  d issocia t ion,  and exci ta t ion.  The reappor t ionment  of  
energy in to  these  other  degrees  of  f reedom proceeds  a t  a  ra te  dependent  
on the  mechanism involved and on the  current  gas  proper t ies ;  e .g . ,  the  
ra te  of  ionizat ion by col l i s ions  depends  on the  concentra t ions  of  col l id­
ing species  and the i r  re la t ive  veloci t ies ,  which in  turn  depend on the  
densi ty  and temperature  of  the  gas ,  respect ively .  Thi is ,  the  gas  
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conf igurat ion proceeds  toward equi l ibr ium a t  a  ra te  determined by the  
ins tantaneous  temperature  and densi ty ;  fur thermore ,  the  equi l ibr ium target  
conf igurat ion i s  a lso  def ined by the  ins tantaneous  temperature  and densi ty  
and i s ,  therefore ,  constant ly  changing as  the  gas  proper t ies  change.  
As the  post -shock gas  progresses  toward equi l ibr ium,  i t  loses  energy 
through severa l  radia t ion mechanisms.  These  losses  cont inue the  decl ine  
in  temperature  toward the  in i t ia l  pre-shock value .  
The r i se  and fa l l  of  the  mass  shel l  in  the  a tmosphere  over  the  cycle  
and the  t ravel ing shock densi ty  wave induce densi ty  var ia t ions  in  the  
mass  shel l  which a l%o af fect  the  gas  conf igurat ion.  
The fo l lowing s teps  comprise  the  re laxat ion model :  
1)  es tabl ishment  of  pre-shock equi l ibr ium;  
2)  shock compress ion;  
3)  re laxat ion toward equi l ibr ium,  
a)  react ions ,  
b)  radia t ion,  
c)  expansion.  
These  wi l l  be  d iscussed in  more  de ta i l  in  the  next  few sect ions .  
Equi l ibr ium calcula t ions  
For  a  g iven composi t ion,  the  equi l ibr ium proper t ies  are  calcula ted  
as  funct ions  of  the  temperature  (T)  and the  e lec t ron pressure  (Pg)-  The 
equi l ibr ium calcula t ion method used i s  s imi lar  to  that  fol lowed by 
Grossman (1969) .  
20 
Elements  used are  hydrogen (H) ,  hel ium (He) ,  and the  23 meta ls  
l i s ted  in  Table  1 .  The fo l lowing species  are  a l lowed to  occur ;  
H,  H ,  H",  Hg,  Hg '  
He,  He^,  He^^ 
M, 
Equi l ibr ium constants  for  the  var ious  react ions  are  def ined,  a long wi th  
react ion energies  (Al len ,  1973) ,  as  fol lows (N^ a re  species  number  densi -
ies ,  and = N^-kT a re  par t ia l  pressures) :  
,  N - i -P  
H $  H^ e"  ^  = 13.598eV 
NuP* 
1!  Î  H + e  K„-  = - jç j  xH" "  0-754 
2  ^  "2  "  "Hgi  "  Nj^-  ' • • •2  
^2  ^  H +  H ^  ~N^ °Hp ^  4 .477 
-2 
H +  H"^ '  Kn +  = 41-^  Dn + = 2 .647 
^ Hg IHM , 2 "2 
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He+ î  He^ '^+ e~ = 54.416 
see  Table  1  
+ 
XM.+ see  table  1  
Equi l ibr ium constants  for  the  d issocia t ion react ions  are  found f rom poly­
nomial  f i t s  by Vardya (1960) :  
log  Ky j  = 12.5335 -  4.9251646 + 0 .05619120^ -  0.00326870^ (31)  
log Ku +  = 11.20700 -  2.79422770 -  0.0791680^ + 0 .024799^ (32)  
"2 
where  9  = 5040.39/T.  
K.. • 'rC.. . H M 
.  can be  found f rom K = — • (33)  
The remaining ionizat ion react ion constants  are  computed f rom the  Saha 
equat ion (Al len ,  1973) ,  
(34)  
••• 3 f  the  around s ta te  of  the  atom in  the  
i  ionizai ion s tage .  
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Table  1 .  Atomic  abundances  and proper t ies^  
Element  log  
(number)  
Mass  
(amu)  
%1 
(eV)  
X2 
(eV)  ^ ' /9o  
9++/g+ 
H 12 .00 1 .0080 13.598 - 1/2  _ 
He 10.93 4 .0026 24.587 54.416 2  1 /2  
0  8 .82 15.9994 13.618 35.117 4/9  9/4  
C 8 .52 12.0111 11.260 24.383 2/3  1 /6  
N 7 .96 14.0067 14.534 29.601 9/4  2 /3  
Ne 7 .92 20.1790 21.564 40.962 6  3 /2  
Fe 7 .50 55.8470 7 .870 16.160 6 /5  5/6  
Si  7 .52 28.0860 8 .151 16.345 2/3  1 /6  
Mg 7 .42 24.3050 7 .646 15.035 2 1 /2  
S 7 .20 32.0600 10.360 23.330 4/9  .  9 /4  
Ar  6 .80 39.9480 15.759 27.629 6  3 /2  
Al  6 .39 26.9815 5 .986 18.826 1/6  2  
Ca 6 .30 40.0800 6 .113 11.871 2 1 /2  
Ni  6 .30 58.7100 7 .635 18.168 10/21 21/10 
Na 6.25 22.9898 5 .139 47.286 1 /2  5  
Cr  5 .35 51.9960 6 .766 16.500 6/7  25/6  
Cl  5 .60 35.4530 12.967 23.810 3/2  4 /9  
P 5.52 30.9738 10.436 19.725 0  /  a  /  • 2 /3  
Mn 5.40 54.9380 7 .435 15.640 7/5  5/7  
Ti  5 .13 47.9000 6 .820 13.580 4/3  3/4  
K 4.95 39.1020 4 .341 31.630 1 /2  6  
F 4 .60 18.9984 17.422 34.970 3 /2  4/9  
Cu 4 .50 63.5460 7 .725 20.292 1 /2  10 
V 4 .40 50.9414 6 .740 14.650 25/^  28/25 
2  3 .00 10.8110 8 .298 25.155 1 /6  2  
am 
n. ! !  Y U A  M  V 1  U .  : es  f rorr ,  Al len  (1973) .  
K 
"Solar  composi t ion:  A  = C.  ; O'R 5 : - \J. _ A A-!-7 5 1 .  - / ^ ^ A \ \ MIL* J . 
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The par t ia l  pressure  of  each species  can be  expressed in  terms of  
the  par t ia l  pressure  of  the  neutra l  a toms and as  shown:  
V  = lY (36)  
PH^ 
Pu = ^  (37)  
p  . =  2 -  — =  p  .  £ —  ( 3 8 )  
'Hz""  'Hg P ,  -  "-H '  K^^^P,  
^He+ ^He p  (^9)  
e  
K, 
Pu^+ ' -  P^ '  He 
+ 
= D (40)  
Kw. 
Mi 
(41) 
• 
= 
K.,  K, . -
' I ' l .  'T 'T 
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Then the  to ta l  number  of  each type of  a tom i s  
"H to t  = ' 'H+ +  +  2 '  (Phj  +  PHg+i ) / " '  
=  +  ( l ^ ^ n / k T  ( 4 3 )  
=  {W^ + P^-Mj )  /kT 
He TOT (P^e + Pne+ + P^^) /kT 
K, H.  
K He '  
- ) ) /kT 
= PH ,  •  Wg/kT (44)  
W  =  f v  4 - 5  J .  
"M, TOT \ 'M.  • T l .  • i  1  1  
P. .  
Ku.  KyTi  
= P . .  n  + ^  (I + -^] ) /k j  
P • l.i /i<T 
'M,  "Si '  
[451 
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where  
3 1  +  ^  ^  (46)  
1/  
Wp E ^  • (1 +  -5^)  (47)  
2 "Hgd ' e  
V.  
Wg. 2  U +- i r ; ( l  + - i r^  ) )  (48)  
Wc = u  D J  /  f A O \  \ • " / 
The var ious  a tomic  concentra t ions  are  re la ted  by 
«He TOT — • "H TOT = f .^  .  TOT '^O)  
N M,  TOT A. ,  '  = f  •  N. ,  (51)  
' : fhciv%^ A ?v»o o l  1  r»i imr\ay~ ahnnHanros  
I 
This  a l lows a l l  species  to  be  expressed in  terms of  P,^ ,  P^ ,  the  equi l ib­
r ium constants ,  and abundances ,  as  
r -  - I  f  • 
? . .  =  P. .  ;  W,  +  !  •  TT^ (52)  
n, -  "  L -  n J  
r  1  '  
I  U. +  P. .W.  I  •  
l_  -  "  -  _1 0  
P. .  =  P. .  I  ,  (53)  
• • I t  M  /  I  l , V  _  
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The equat ion to  be  solved i s  that  of  charge  conservat ion:  
where  v  r  ,  f 
V,  [*1 + PH*?!  _ i  
Ph+ -  -Pm+.  ^Pf l .  P  P '  w. 
T i e  e  6  
and y  
M++~ " ' f r .  ~r~ 
1 1 e  
Ph [«1 ^  PH' '?]  1  
Pe •  Pe  «3.  
Then _ 
V  + 2Pf-  '  p'  •  W,  
e  
W, E rf— -f X V ( 1 V /  • D -  V U!  /  
^ i  '2  "3i  
- (1 - . 
'  r .  
"i 
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2Ku_+ 
Similar ly ,  + 2?^^++ = P^e "p ;  
f 1  ^
=  P u (  W i  +  P w ' - ' l , )  '  r  ' - r  '  \  ( . 5 9 )  
I l  *  «  '  —  '  «  Q  ^  —  
where  
2K,  
« 5 = 1 +  - p ^  ( 6 0 )  
SuDst i tu t ing these  values  in to  the  charge  equat ion y ie lds  a  quadrat ic  
equat ion,  
Ku ,  '^H. i  P„  ,  W, Kn.  
f  = Ph /  ^ V -  'h £  ^ "l  + )  'He wr-p;  
e  e  n„d H be  
V'" ' " '  • ' 4  (61)  
wmcn can oe  réarrangée in to  tne  rorm 
Â R J_j - R  Û R J_j + C = C  ( - 2 )  
Where c  = -K 
b  -  IT— 
1/  i . r  1 .1  y  i . i  LI  l \ i  I "1  "1  " / I  
n  ,  ^  ^  V  M C  .  X ~r 
'  'He °e  
I ' » ' '/ '•/. . c 1.1 M 
He '  P .&.  
/ 
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Once the  i s  known,  a l l  o ther  species  concentra t ions  can be  ca l ­
cula ted  f rom the  previous  equat ions .  The to ta l  gas  pressure  i s  given by 
the  sum of  the  par t ia l  pressures :  
P g ,  +  p ^ +  +  P j ^ -  +  p  +  p ^  ^  p  +  p  +  p  
Cm I  I W  I  1  {  W  
The mean molecular  weight  i s  given by 
EN^u^ EN^-u^.kT 
p '  (  TOT * ^  ^e  TOT '  ^He ^  ^ g  1  i u I 1 
Pu  
( U u  +  U u g  •  f u .  ^  •  f i  )  •  —  ^  p H * ? )  ( 6 4 )  I I  :  & C  11V» ^  I  * 'Q  ^ •••— 
«./H o V»0 
I  I  I  iC  I y  
The to ta l  number  of  par t ic les  i s  Ny = P /kT (65)  
and the  densi ty  i s  p = yP_/HT where  r  i s  the  gas  constant .  (56)  
9  
Energy content  
The energy content  of  the  gas  i s  computed as  fo l lows:  
P_ /  r--; \ 
• r i  =  P  4-  ^  
P 
where  H i s  the  enthalpy per  g r a m  and 2  i s  the  in ternal  energy per  gr&-;  
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^ ^TR ^  ^ID ^RV 
i s  the  t rans la t ional  energy of  the  par t ic les  given by 
E J Q  i s  the  ionizat ion-dissocia t ion energy of  the  par t ic les .  A reference  
gas  composed sole ly  of  Hg,  He,  and M i s  taken to  have = 0 .  
Ejp  for  o ther  species  i s  found as  shown;  
E. ,  =  ^  (70)  
n p c 
— • -  Xh) (71)  
h H-  "  ^  "  "H-)  (72)  
• / • 
En;  = -F=-  '  XHg ^ '3 ,  
•  X, ,  (741 
'^Up+T-
® fx . ,  f  X, .  (751 
"He^ p '"He ' 
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EM++ = ^  + V)  .  (77)  
Then,  
+  E»4.  +  E„.  +  + E^;+ + E„^++ + E„+ + E„++ .  ,7gj  
i s  the  ro ta t ional -vibra t iona]  energy of  the  two molecular  species .  
These  values  are  found f rom polynomial  f i t s  by Vardya (1965) :  
= (2 .6757-1.47728 + 0 .606020^ -  0.124270^ 
+ 0 .00975038^)  •  kT (79)  
^RV-H + "  (2 .916 -  2.00360 + 1 .72310^ -  0.826858^ 
' 2  
+ 0.152530^)  •  kT (80)  
Then 
^RV + Nj^ •  +) /  .  (81)  
Al l  species  are  considered to  be  in  the  ground e lec t ronic  s ta te  and 
thuS;  no exci ta t ion energy i s  included in  the  ca lcula t ions .  The enthalpy 
{JCi y I dm I ^ y I 
p 
•-;  =  2 .  -  —2.  ^  r  4-  r  (32 
"2  p • - ID • -RV •  
For  convenience,  the  f i rs t  term wi l l  be  referred to  as  the  " thermal"  
D 
______ r  _ 5  '  g  .Also  for  convenience,  two energy f rac t ions  wi l l  
energy,  ^  
be def ined which i l lus t ra te  the  energy d is t r ibut ion:  
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5 Eyy/H (thenTial fraction) (83) 
f jO 5  E J Q /H ( ionizat ion-dissocia t ion f rac t ion)  (34)  
The equi l ibr ium conf igurat ion i s  then descr ibed by the  quant i t ies  
NH+'  ^^2+ '  '^He '  
)  Ng,  Nj ,  1 ,  Pgj  Pg5 u ,  P)  H,  fy^:  and f^g-
Shock compress ion 
Once the  in i t ia l  equi l ibr ium condi t ions  have been es tabl ished for  the  
gas ,  the  ef fects  of  the  shock wave are  in t roduced.  Basical ly  the  shock 
does  two th ings:  i t  compresses  and adds  energy to  the  gas .  The necessary  
parameters  for  a  par t icular  shock are  suppl ied  by the  dynamic  a tmosphere  
model  descr ibed above.  The compress ion ra t io  (S)  and the  enthalpy increase  
^ « t l A  ^   ^—I ^ L" ^ ^ »««* ^ T T , M /»» «"W V» /  ^I I  ^^  N ^ ^  f 1 WVClCUC UU une CWUiJlUI  lUl t l  MUO l l l  V l  IC i^ l  iVMViiry  ,uC«.  i  11  jv .  « 
and  1  indicate  prç-shock and post -shock condi t ions ,  respect ively) :  
1)  Al l  concentra t ions  are  increased.  
P i  = S - p  ,  N. =  SN .  ( 3 5 )  
0 l l  iQ 
2)  Since  no react ions  occur  across  the  shock boundary,  the  molecular  
weight  i s  unchanged.  
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3)  The enthalpy i s  increased.  
= Hq +  AH (87)  
4)  The ro ta t ional -vibra t ional  and ionizat ion-dissocia t ion 
energies  are  constant .  
^RVQ '  ^10^= 
5)  The thermal  energy i s  increased and,  thus ,  the  temperature  
increases .  
^TH.  = +  AH C89)  
1 0 
T,  = (90)  
1 
5)  The gas  pressure  i s  increased.  
P„ = NT  kT,  (91)  
91 11 i  
This  new conf igurat ion represents  the  heated,  compressed gas  immedi-
a te l  y  behind the  shock f ront .  The accuracy of  th is  representa t ion i s ,  of  
course ,  ques t ionable ,  due to  the  assumed zero  th ickness  of  the  compress ion 
zone.  However ,  s ince  th is  model  i s  concerned wi th  processes  occurr ing 
over  t ime scales  much longer  than the  col l i s ional  t ime scales  which de­
termine the  th ickness  of  the  compress ion zone,  th is  representa t ion i s  
qui te  adequate  for  the  problem considered here .  The important  th ing i s  
that  the  conf igurat ion has  the  necessary  compress ion and energy input ,  
which then govern the  re laxat ion phase .  
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The equi l ibr ium target  
The guiding pr inciple  in  re laxat ion theory i s  that  the  gas  must  
evolve  toward equi l ibr ium;  before  the  re laxat ion can proceed,  an  appro­
pr ia te  target  equi  l ibr ium must  f  i r s t  be  ca lcula ted .  The mechanise :  by 
which the  re laxat ion proceeds  i s  col l i s ions ,  and the  col l i s ion ra te  i s  
governed by the  temperature  and densi ty .  Therefore ,  the  ins tantaneous  
equi l ibr ium target  of  a  g iven conf igurat ion i s  determined by the  ins tan­
taneous  temperature  T^ and densi ty  p^.  Since  the  independent  var iables  
in  the  equi l ibr ium calcula t ion are  T and P^,  must  be  found such that  
p(T^, ,  Pg)  = pg.  Let t ing x = log  P^,  y  g = log  p^ ,  and f (x)  = 
log  p(T^, ,  Pg)  ,  the  equat ion to  be  solved becomes f (x)  -  y^ = 0 .  The 
root  X i s  found by i te ra t ion us ing the  secant  method (Johnson and Riess ,  
1977) ,  where  success ive  approximat ions  are  found by 
Vi = \ - Vi' • -2! 
( X n )  -  ' t V l '  
Tne sol  un  on provides  the  necessat  v t a rget  concentra t ions  for  the  next  
s tep .  The same procedure  i s  used to  f ind the  pre-shcck equi l ibr ium con­
f igura t ion from the  given temperature  and densi ty .  
Relaxat ion 
During re laxat ion,  a  number  of  d i f ferent  types  of  processes  occur ,  
each a t  a  character is t ic  ra te .  In  genera l ,  i t  i s  found that  k inet ic  
equi l ibr ium is  reached much more  quickly  than ionizat ion or  d issocia t ion 
equi l ibr ia .  In  terms of  re laxat ion t imes .  
< ' inr  < '  (^3)  
34 
This  means  tha t  in  deal ing wi th  the  s lower  processes  of  exci ta t ion,  
ionizat ion,  and d issocia t ion,  the  o ther  more  rapid  modes  of  energy d is-
t r iout ion can be  assumed to  be in  equi l ibr ium s ta tes  (Zel 'dovich and 
Raizer ,  1965) .  Thus ,  in  the  re laxat ion zone,  a  k inet ic  temperature  
character iz ing a  Bol tzmann veloci ty  d is t r ibut ion i s  a  val id  concept .  
S imilar ly ,  any molecules  present  can be  expected to  be  in  ro ta t ional -
vibra t ional  s ta tes  corresponding to  th is  same temperature .  
React ions  The number  of  react ions  poss ible  in  the  gas  mixture  i s  
substant ia l ;  in  order  to  reduce th is  number  to  a  more  manageable  level ,  a  
few s impl i f ica t ions  are  employed.  Only  the  fol lowing react ions  are  
assumed to  proceed:  
M .  ;  M .  +  %  "  M . ( 9 4 )  
He: ;==;He^.  "He**  (95)  
M o T  H  "  H ~  ( 9 5 )  
"/I! 
These  react ions  are  a l l  revers ib le ;  the  net  d i rec t ion of  each fol lows the  
demands of  equi l ibr ium.  
React ions  for  the  ent i re  mixture  are  ca lcula ted  for  a  chosen t ime 
in terval  i t ;  the  concentra t ions  a t  t imes  tand t+i t  are  indicated by N and 
,  respect ively .  The hel ium react ions  can be  wri t ten  as  
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He++ + e"  (97)  
He -y isL.  He+ + e"  .  (98)  
Then 
N 'He^"^ = NHe++ + AHe'  '  (99)  
= Nj_ |g+ +  AHe^ -  AHe^^ (100)  
N'H2 = N^g -  AHe'  (101)  
For  the  condi t ions  involved here ,  N, ,_  »  N,,_+ >> i s  general ly  val id  
nc  Mc I i c  
and hence the  assumpt ion that  lAHe^l  >> |AHe^^]  i s  a lso  good.  
Calcula t ions  for  the  var ious  meta ls  are  s imi lar  to  those  for  hel ium 
except  tha t  the  neutra l  species  are  not  a lways  dominant .  In  th is  case ,  
the  changes  in  the  neutra l  and doubly  ionized species  are  ca lcula ted  and 
the  resul ts  then determine the  changes  in  as  shown:  
" ' m  ^  ^  ( Î Û 2 )  
f  AM"" (103)  
N'w" = Nw+ -  AM -  AM+^ (104)  
The hydrogen ca lcula t ions  are  more  complex;  a l lowed react ions  are  as  
TOll  CVv'S Z 
e "  f  H H" ( I  05)  
U _L U 
H" + ="  (105)  
H,  ( ICf)  
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+ AHÎ 
+  H ^  Hz" (108) 
The ionizat ion of  Hg to  Hg' ' '  i s  not  considered here  as  the  energy bar­
r ier  for  ionizat ion i s  severa l  t imes  that  for  d issocia t ion,  us ing the  
above react ions ,  the  new hydrogen species  concentra t ions  can be  found 
f rom the  re la ted  equat ions:  
N'h"  = V  ^  (109)  
N ' ^ +  =  +  A H /  -  ( 1 1 0 )  
N 'h j  = «Hg ^  ' "2  (111)  
N'u ^ = Nu + + (112) 
n 2  "2  
N ' j ^  =  -  a h "  -  A H "  -  Z A H g  -  A H g *  ( 1 1 3 )  
For  the  H'  react ion,  jAH^I  >> {AHg^l  i s  assumed s ince  N^'  >> i s  
general ly  t rue  for  the  condi t ions  encountered in  the  model .  
The values  of  aN can be  obta ined f rom the  ra te  equat ions .  (Except  as  
noted,  ra te  constants  and equat ions  are  given by Zerdovich and Raizer  
(1966) . )  For  the  general  react ion 
N Î  n" ^  e"  (114)  
the  ra te  equat ion i s  
-ON = dN:  = _  6N+N. (115)  H 
where  a  i s  the  ionizat ion ra te  coeff ic ient  and 3  i s  the  recombinat ion co­
eff ic ient .  At  equi l ibr ium,  dN/dt  = 0  and % and g a re  then re la ted  by 
35a 
e  
= ak l  
"p 
wnere  
"S ^ N ^^eq •  
This  assumes the  pr inciple  of  deta i led  balancing,  which s ta tes  that  a t  
equi l ibr ium each react ion i s  balanced by i t s  reverse .  
The values  of  AN a re  then given by 
an = ^  At 
(N'N^ -  N) aAt .  (117)  
Both  col l i s ional  ionizat ion and photoionizat ion ra tes  are  ca lcula ted;  
the  ra te  constant  ct then has  the  bas ic  form 
Ci -  ci^  +  (118)  
wnere  a  i s  the  photoicnizat is r  and c:^  re fers  to  e lec t ron col l i s ions .  
(Heavy par t ic le  col l i s ions  are  not  considered to  play a  large  ro le  in  the  
proceedings;  = has  the  form = cv ,  and both  the  cross  sect ion a ,  and 
the  mean veloci ty  v ,  for  e lec t rons  are  severa l  orders  of  magni tude h igher  
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at  energies  of  severa l  e lec t ron vol ts . )  The genera l  equat ion for  col l i s ion-
a l  ionizat ion i s  
N +  e '  + e~ + e"  (119)  
and the  ra te  equat ion i s  
f  = -c .NeN .  (120)  
For  ionizat ion of  the  neutra l  and pos i t ive  species ,  the  col l i s ional  ra te  
constant  a  ,  i s  
= OV ( i  + 2)e-x/kT ( .121)  
where  x  i s  the  ionizat ion energy,  
v  = i s  the  average e lec t ron veloci ty ,  and 
-V 
a  = =iQ"^ ' 'kT i s  the  average cross  sect ion.  
For  photoionizat ion of  the  neutra l  and posi t ive  species ,  the  ra te  constant  
i s  given by 
r  K  
a  = j  — •  c  •  crdv (122)  
where  
r>_t-  3  1 ^ 
u  =  2-LLi jL_ .  Ù23;  
^3 Jrv/^T ,  
Y 
i s  the  Planck energy densi ty ,  =^is  the  threshold  f requency.  
37 
_ M/  1  .  !n 
ZjT h®cn® V-
i s  Kramer ' s  formula  for  the  cross  sect ion.  Then 
SlTC 
(124) 
n d(hv)  
-  J h v ,  c 2  h v ( e h v / k T _ . ;  
OTra r  = ,  
n  /  dx  
JL x(eX -  1)  
(125)  
hv,  
where  x ,  = - r r"  and T i s  the  radia t ion temoerature .  
i  Kl g  3  
Ionizat ion of  the  H~ ion  i s  t rea ted separa te ly ;  four  react ions  are  con­
s idered to  opera te ;  
H~ -r  e~  ^  K -r  e~  +  e~ (125)  
H +  hv r*-  H +  e  .  (127)  
D 
The ra te  equat ions  are  
dNu-l  2  
— =  _ k  N . . - N  f  k  . N . . N  ^  1 1 2 8  j  
and 
c  
A W  
I 
= -k^N,_ + k^NuN.  .  (129)  d t  I a" 'H-  b  H e  
• - J  
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By the  pr inciple  of  deta i led  balancing,  the  equi l ibr ium constant  i s  
NLP.  k  kT k.  kT 
n  u  u  
Then the  ra te  of  increase  of  K" i s  
d N u -  I  1 , 7  r  - ,  
TT ! = I; + ]  '  <"1!  
and the  ra te  of  decrease  i s  
d t  
The col l i  s icnal  cross  sect ion i s  found f rom l inear  f i t s  to  data  
of  Faisa l  and Bhat ia  (1972) .  Below the  threshold  energy E^,  = 0. For  
e lec t rons  wi th  E -  between 0  and 0 .1 ,  
1  f l33ï  
and Tor  c  -  c_ greater  than 0 .1 ,  
0 
0^ = -18.52 + 216.6E (134)  
C p X IT 4 M 3 +r\m n i , y» 4 4- ^ .^1 3ti — 0^ T V l l ^ l O  l _  CLIIO L. U I C ill LA 11 I  ^  ^
J 
• f T n 
ana  ' s  i n  un i t s  o r  - a^  i,  =  x  l u  cm j .  
r - r inc+ 'Sn-h i  c  "^hûn 
= ^=c (135)  
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where  
'•M 
The bound-free  absorpt ion cross  sect ion i s  given by Gray [1975) :  
7  3  log cTj^^ =  Sg +  + a^AA" + a^AA 
A A  = A -  8500A 
(136) 
The coeff ic ients  for  var ious  wavelength  ranges  are  shown in  Table  2 .  The 
2  _ 
uni ts  of  a re  era  per  H~ ion  per  P^.  The absorpt ion ra te  i s  then 
given by 
J " k " -
= ("gkT) I r' 0 • IV 
i3  ,  Sir  ,  !  .  x^dx 
= (N.kTldcTg)-  (^) I  (137)  
h c  e  -1  
where  
v —  X  P V — 4 f . - r  u in- i / \  . .  r , - r  J. \ I n A fv I n U u 
Table  2 .  H~ absorot ion cross  sect ion coeff ic ients  
c 
A  range ( p . )  a  a ,  a  
0 i  0 
1500 ^  5250 -15.20450 u . i72SuE-3 U.39422E-7 0 .513452-11 
5250 -  11250 -15.40333 0 .51355E-5 -G.11095E-7 0 .449655-13 
11250 15000 -15.95015 -C.36G57E-3 0 .2510SE-7 -G.90741E-11 
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Molecular  d issocia t ion and recombinat ion are  assumed to  proceed by e lec­
t ron col l i s ions  and three-body col l i s ions ,  respect ively .  In  the  former ,  
the  ro ta t ional -vibra t ional  energy of  the  molecule  i s  a l lowed to  contr ib­
ute  toward the  d issocia t ion,  making the  ef fect ive  dissocia t ion energy 
D'  =  Dg -  E%y .  (138)  
The genera l  d issocia t ion react ion i s  
AB f  e"  -> A f  B +  e"  (139)  
and the  ra te  equat ion i s  
d N „ n  
~W "  • '^d 'We 
The d issocia t ion ra te  i s  given by 
k j  = vo (1  + D' /kT)e"° ' /kT (141)  
where  
V =  =  the  average e lec t ron speed 
_ I  TTin.  V e  
cr = =10"^  ^= an  average cross  sect ion.  
TÎ-10 rhvpo—haWw y'ûr-nrnK'î na "hi nn i  < 
and 
A + B + X ^  AB + X (142)  
anu !C I a uc cyuaviww < b 
d^AB 
= kr%A"B"X " 
) f 1C 1 c \^winwi: iCiviw: i  d  11 u/  w « i  n  C* s .*  
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= V • a •  (144)  
where  
O U T  
the  re la t ive  speed of  the  recombining par t ic les ,  V =/ 
^ -n-y 
a  = =10"^^ = an  average cross  sect ion.  
A  O 
Vc gi r r^  = the  col l i s ion volume (N^ -  i s  the  number  of  
"3rd  bodies"  in  the  col l i  son volume) ,  
r^  = 2  molecular /a tomic  radi i .  
When a l l  species  ra tes  have been ca lcula ted ,  the  values  are  found 
f rom 
AN = ^  At .  (145)  
(Due to  the  f in i te  s teps  used in  the  computer  program,  the  const ra in t  i s  
needed that  concentra t ions  should  not  proceed pas t  the i r  equi l ibr ium 
values  in  a  given t imestep. )  Once the  new concentra t ions  (N' )  have been 
determined;  the  e lec t ron densi ty  (N^ ' )  i s  found by appropr ia te ly  summing 
over  the  charged concentra t ions;  the  to ta l  par t ic le  densi ty  (N y)  i s  
found by summing over  a l l  concentra t ions .  
Expansion Fol lowing passage of  the  shock f ront ,  the  compressed 
gas  expands  toward i t s  pre-shock densi ty .  Assuming s t r ic t  per iodic i ty ,  
the  densi ty  var ies  f rom a t  t  = 0  to  a t  t  = F .  The form of  the  
var ia t ion i s  found f rom Hi l l ' s  models  to  be  
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which can be  rearranged to  give  
P = (147)  
where  t  i s  measured f rom the  t ime of  shock passage.  Thus ,  dur ing the  
expansion por t ion of  the  re laxat ion ca lcula t ions ,  a l l  concentra t ions  are  
mul t ip l ied  by 
£1 . "(t + ^ . (!i) 4t/p , (148) 
P P i t )  'P i  
At  th is  point ,  only  the  t ime var ia t ion of  the  densi ty  i s  needed.  As 
a  means  of  es t imat ing the  opt ica l  depth  a t  a  la ter  s tage  in  the  model ,  a  
d is t inct ion i s  made between two expansion mechanisms;  expansion due to  
r i se  and fa l l  of  the  mass  shel l  in  the  a tmosphere  (p  = Vr^) ;  and expan­
s ion of  the  mass  shel l ' s  radia l  d imension (Ar)  due to  radia l  veloci ty  
var ia t ions  ,  
( f )  .  ,) .  
In  the  shock res t  f rame,  the  s teady s ta te  mass  f low equat ion i s  
pr~u = const .  (149)  
An approximate  veloci ty  var ia t ion can be  found i f  the  densi ty  re la t ion 
given above i s  modif ied  to  
p(r - t )  = (150)  
i hen 
u  = ; s )V? U51)  
.  Pi  
can be  in tegra ted to  give  an approximate  var ia t ion of  r  wi th  t .  I t  i s  
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emphasized tha t  th is  t rea tment  i s  not  c r i t ica l  to  the  resul ts  and provides  
only  a  bas is  for  es t imat ing the  opt ica l  depth .  
Radia t ion Several  mechanisms are  avai lable  for  removing energy 
f rom the  gas  by radia t ion.  General ly  these  fa l l  in to  two ca tegor ies ;  
1)  Radia t ive  recombinat ion,  in  which the  ionizat ion energy i s  radia ted ,  
a long wi th  an average t rans la t ional  energy (kT)  of  the  combining 
par t ic les .  
2} Line  radia t ion,  in  which a toms are  col l i s ional ly  exci ted  to  upper  
levels  and a l lowed to  emit .  Since  the  col l i s ion t ime i s  orders  of  
_o 
magni tude greater  than the  radia t ion t ime (= 10 sec) ,  the  radia­
t ion i s  assumed to  proceed a t  the  col l i s ion ra te .  
Pr incipal  sources  of  l ine  radia t ion are  hydrogen a toms and meta l  a toms.  
The former  have high exci ta t ion potent ia ls  but  a re  very  abundant  whi le  the  
la t ter  are  lower  in  number ,  but  conta in  lower  exci ta t ion levels .  The 
dominant  radia t ion source  var ies  as  the  re laxat ion progresses .  
Hydrogen a toms can be  exci ted  to  the  second level  resul t ing in  
emiss ion of  Lyman a  photons .  However ,  even a t  the  low densi t ies  involved,  
the  number  of  potent ia l  absorbers  (ground s ta te  H a toms)  i s  s t i l l  large  
enough to  render  the  gas  opt ica l ly  th ick  to  Lyman a  l ines .  A more  reason­
able  mechanism,  then,  i s  col l i s ional  exci ta t ion of  the  th i rd  or  higher  
level  fo l loweû by Balmer  amiss ion.  This  process  i s  ef fect ive  in  coding 
because  there  are  re la t ively  few H a toms capable  of  absorbing these  
photons .  This  i s  conf i rmed by the  very  s t rong Balmer  emiss ion l ines  ob­
served in  L?Vs.  
The col l i s ion ra te  for  n = 1  3  t rans i t ions  was g iven in  tabular  
form by Osterbrock (197^) :  an  approximate  f i t  to  th is  data  i s  used in  the  
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program to  give  the  radia t ion ra te  for  Popula t ion of  h igher  levels  
i s  a lso  expected to  a  lesser  extent ,  wi th  o ther  t rans i t ions  in  the  Balmer  
and Paschen ser ies  produced.  These  l ines  are  included by assuming thei r  
ra t ios  tc  1-1 a ra  these  given by the  recombinat ion spect ra  of  Osterbrock 
3  
(1974) .  The hydrogen cool ing ra te  i s  then given by 
If ° 
where  
"Ha = "  32 '  (153)  
and 
log q  = -10.  -  24.27e" '^^^^^ (154)  
which includes  the  recombinat ion spect rum.  
Metal  a toms are  a lso  col l i s ional ly  exci ted  to  levels  f rom which per­
mit ted  t rans i t ions  occur .  An es t imate  of  the  col l i s ional  exci ta t ion 
ra te  was g iven by Osterbrock (1974) ;  
^12 = ( -5)  
1  m Ki  
where  w.  i s  the  weight  of  the  lower  level ;  
-fViQ 3-r rvm hi iT i  c  n-f  f  ho  nvHpr  nf  1  •  
s  i s  the  exci ta t ion energy of  the  upper  level .  
The downward t rans i t ion i s  again  presumed to  occur  on a  much shor ter  t ime 
scale  than the  exci ta t ion and thus  the  emiss ion ra te  i s  
^  ~ ' ' eS '^ lZ '" ' "  a  u 
where  hv i s  the  energy of  the  emit ted  photon.  
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The meta l  species  which par t ic ipate  in  the  emiss ion process  are  
chosen f rom l ine  l i s t s  compi led by Meinel  e t  a l .  (1969) .  They des ignate  
the  s t rongest  v is ib le  emiss ion l ines  for  Ke,  Me,  and Ne spect ra l  c lasses ,  
which are  pr incipal ly  l inss  cf  Fe I  and Fs  I I  v . ' i th  a  fe ' .v  l ines  of  Mg I ,  
Ti  I ,  Ti  I I ,  Ni  I ,  and Mn I ,  p lus  a  few other  species  not  considered in  
the  model .  For  each of  the  species  named,  an  average exci ta t ion energy 
and an average photon energy were  ca lcula ted ,  as  l i s ted  in  Table  3 .  These  
seven species  are  used to  es t imate  the  ra te  of  cool ing of  the  shock by 
emiss ion f rom species  o ther  than hydrogen.  
Table  3 .  Average meta l  emiss ion l ines  
Species  #  l ines  
averaged 
av .  
exci ta t ion 
energy (eV 
av .  
photon 
)  energy (eV) 
Fe  I  42 4 .06 3 .06 
Fe I I  14 5 .24 3 .08 
"g  I  4  5 .12 3 .10 
Ti  I I  4  4 .00 3 .01 
Ni  I  1  3 .62 3 .21 
Mn I  1  3 .07 3 .07 
Ti  I  1  5.30 2 .84 
Cool ing of  the  shock by molecular  inf rared emiss ion i s  not  considered 
because  most  molecular  species  are  not  abundant  
lyç  Pmm 1  "i 
a t  the  densi t ies  and 
nn K\/  t j lTv»3\ /" in lûT — ucmucTâ 
t ion  i s  
vu 1 C  ^  vC* C  ^  i i i  wtiNiwCrw 
a l so  neglected,  due to  ihe  low ramperatL i r e s  involveo.  
The to ta l  radia t ion i s  the  sum of  the  radia t ive  recombinat ions ,  the  
hydrogen l ine  emiss ion and the  "metal"  emiss ion.  At  the  lower  densi t ies  
the  shocks  are  presumed to  be  essent ia l ly  t ransparent  to  these  emiss ion 
l ines  a l lowing the  radia t ion tc  escaps  complete ly:  the  lower  levels  of  
the  t rans i t ions  included are  essent ia l ly  a l l  exci ted  levels  whi le  the  
over ly ing a toms are  pr imar i ly  ground s ta te  a toms.  However ,  a t  the  higher  
densi t ies  encountered (  log  = -10)  th is  assumpt ion i s  not  necessar i ly  
val id .  The radia t ion i s ,  therefore ,  mul t ip l ied  by a  fac tor  of  e~ ' ,  where  
T i s  an es t imate  of  the  opt ica l  depth ,  ca lcula ted  as  fol lows:  us ing 
Alexander ' s  Rosseland mean opaci t ies  for  a  King IVa composi t ion (Alexander  
1975) ,  a  p lo t  of  log <p vs .  log  pa t  3000° was  made,  which i s  given by 
log <p = 4 .85 + 1 .92 log p for  log p > -9 .2  
(157)  
log <p = -2 .39 + 1 ,13 log p for  log p < -9 .2  .  
For  each s tep ,ax = -uAt  g ives  the  increase  in  the  dis tance  of  mass  shel l  
f rom the  shock.  The opt ica l  depth  i s  then es t imated f rom 
T = z(AX*<P)  (158)  
This  i s  of  l imi ted  usefulness ,  because  the  opaci t ies  apply  to  equi l ibr ium 
conf igurat ions ,  which are  def in i te ly  not  a lways  present  in  the  regions  
of  in teres t .  Fur thermore ,  the  es t imate  of  -  i s  only  val id  for  regions  
very  c lose  to  the  shock.  
when the  species  concentra t ions  and the  energy losses  have beer ,  
ca lcula ted ,  the  gas  proper t ies  can be  determined as  fol lows:  
1)  E -p .  the  ionizat ion-dissocia t ion energy i s  found as  in  the  
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2)  E the  ro ta t ional -vibra t ional  energy i s  ca lcula ted  us ing T 
( ra ther  than T ' ,  which i s  unknown as  ye t ) .  Since  T and T '  a re  
kept  c lose  together  and the  molecules  a re  usual ly  a  minor  const i t ­
uent ,  the  er rors  here  are  smal l .  
3)  The new enthalpy i s  
H' = H - . (159) 
where  i s  the  radia t ion loss ;  the  new " thermal"  energy i s  
E TG ^  H E -  (E 10 -  Ep^) ,  1160)  
I  
where  Ep-  i s  the  amount  of  E due  to  photo- ionizat ions  s ince  th is  
energy came f rom the  radia t ion f ie ld  and not  f rom the  compressed 
gas ;  the  new temperature  i s  then 
I 
.  (161) 
I  N 
4)  The remaining proper t ies  are  found:  
n _ T f  1  C O  \  
-  ii- j -  I  
^  (163)  
N ^k  
e '^ , .  
f  TU l i i  (154)  
ID = ^  '--5)  
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Time in tervals  for  the  re laxat ion s teps  are  chosen to  give  a  con­
t ro l led  temperature  drop.  The f i r s t  in terval  fo l lowing the  shock boundary 
i s  the  t rans la t ional  re laxat ion t ime given by Zel 'dovichand Raizer  (1966)  
where  i s  the  to ta l  par t ic le  densi ty .  U 
a  = =10"^^ i s  the  average cross  sect ion.  
_  (SUT 
V =  i s  the  average par t ic le  speed,  
and y i s  the  mean molecular  weight .  
Success ive  t ime in tervals  are  chosen to  produce temperature  drops  no 
greater  than AT^^^,  where  0 .08T £  AT^^^ <_ 0 .15T.  
Fol lowing the  re laxat ion s tep ,  a  new equi l ibr ium target  i s  computed 
and the  re laxat ion process  i s  i tera ted .  When the  e lapsed t ime equals  
the  per iod of  the  s tar ,  the  re laxat ion i s  hal ted;  the  conf igurat ion a t  
th is  point  i s  termed the  f inal  conf igurat ion.  
Addi t ion of  a luminum hydr ide  
Aluminum hydr ide  molecules  are  assumed to  be  present  in  such smal l  
quant i t ies  that  they have l i t t le  effect  on the  concentra t ions  of  A1 or  
H;  or  on the  thermodynamics  of  the  sys tem.  The AlH concentra t ion can 
then be  s imply ca lcula ted  by addi t ion of  the  appropr ia te  equat ions  to  the  
sys tem.  The react ion of  in teres t  and re la ted  equat ions  are  as  fo l lows:  
A1 + H z  AlH Dam = 2 .9  eV (Al len ,  1973)  
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log  = 12.191 -  3.76368 + 0 .255579^ -  0.0372610^ 
+ 0 .00194060^ ' Jsuj i ,  1973)  (168)  
In ternal  Par t i t ion  Funct ion Q:  (Scalo  and Ross ,  1976)  
Q = 16.290 + 6 .1592 x lO '^T + 4 .4823 x 10"4 2.2886 
X 10"V + 1 .4026 X 10"(169)  
E = kT •  "  ^  
(Herzberg ,  1950)  (170)  
^AlH = 0 .971832 a .m.u.  ( the  reduced mass) .  
At  each s tep  in  the  re laxat ion process ,  the  AlH molecules  are  t rea ted 
as  the  o ther  molecular  species ,  except  tha t  photon react ions  are  included.  
The ra te  of  radia t ive  recombinat ions  i s  es t imated as  fo l lows (Herzberg ,  
- 8  
1950) ;  the  radia t ion l i fe t ime of  the  molecule  i s  about  10"  seconds .  The 
dura t ion of  a  normal  col l i s ion between recombining a toms i s  roughly  the  
same as  a  v ibra t ional  per iod,  about  10""  seconds .  The probabi l i ty  of  a  
radia t ive  t rans i t ion occurr ing dur ing such a  col l i s ion i s  then 
•13 
D = lU _  1n-3  
o  
10"^ 
= 10"= .  (171)  
However ,  not  a l l  col l i s ions  resul t  in  molecular  s ta tes  capable  of  making 
radia t ive  t rans i t ions  to  the  ground s ta te  and,  tnerefore ,  ihe  probabi l i ty  
_ c  
i s  <10 for  most  molecules .  For  AlH,  the  presence cf  weakly  bound s ta tes  
1  
in  the  n TL level  ef fec t ively  compensates  for  th is  las t  fac tor ;  the  radia­
t ive  recombinat ion ra te  i s  then given by 
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d N a i u  
~~dt~  "  ~ 
wnerê  
a = VCP 
V i s  the  re la t ive  veloci ty  of  the  col l id ing a toms.  
a  = =10"^^ i s  an average cross  sect ion,  
p  = =10"^ i s  the  f rac t ion of  col l i s ions  resul t ing in  a  
radia t ive  t rans i t ion,  
and Kaiu  
e = a . (173) 
The resul t ing radia t ion i s  not  included in  the  cool ing mechanism in  
th is  model .  
Assumpt ions  
A number  of  assumpt ions  have been s ta ted  or  impl ied  a l ready;  the  mc:  
important  ones  are  res ta ted  here .  
1)  Separate  temperatures  for  e lec t rons  and ions  are  not  considered 
2)  Most  a toms exis t  in  the  ground s ta te ;  exci ta t ion energy has  a  
negl ig ible  ef fec t  on the  enthalpy.  
3)  The meta ls  exis t  predominant ly  in  a tomic  ra ther  than molecular  
forms.  
4)  Elect ron col l i s ions  are  more  e f fec t ive  than heavy par t ic le  col ­
l i s ions  for  ionizat ion and d issocia t ion.  
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The scale  height  can be  descr ibed by constant  values  of  T and 
The radia t ion f ie ld  i s  that  of  a  b lack body a t  3000°K.  
Shocks  are  opt ica l ly  th ick  in  Lya and o therwise  are  opt ica l ly  
th in .  
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RESULTS AND DISCUSSION 
Dynamic Atmospheres  
The dynamic a tmosphere model  was used to  generate  f ive different  
atmospheres  for  examinat ion.  The input  parameters  specif ied for  these 
cases  are  l is ted in  Table  4;  these include the s te l lar  mass,  per iod,  pul­
sat ion mode,  ra t io  of  post-shock veloci ty  to  escape veloci ty ,  in i t ia l  
compression ra t io ,  ini t ia l  pre-shock densi ty ,  radiat ion temperature ,  and 
the temperature  and mean molecular  weight  used in  determining 
the scale  height .  Table  5 l i s ts  the parameters  calculated from the input  
parameters :  s te l lar  radius ,  pulsat ion constant ,  escape veloci ty ,  and 
gravi ty  (a l l  a t  the s te l lar  radius) ,  and the veloci ty  of  the shock.  
Tables  6 through 10 l i s t  the propert ies  of  the dynamic a tmospheres  for  
cases  A through E.  
One character is t ic  of  these atmospheres  i s  par t icular ly  notable:  
the overtone mode cases  have larger  scale  heights  and,  hence,  higher  
densi ty  atmospheres  than corresponding fundamental  mode cases .  The s ig­
nif icance of  th is  fact  wil l  be discussed la ter .  
Relaxat ion Profi1 es  
The re laxat ion model  was used to  analyze shocks a t  eleven densi t ies  
from case A,  over  the range -15.5 _< log p <_ -10.5.  (Higher  densi t ies  
were not  considered as  the est imated opt ical  depth a t  such densi t ies  in­
dicated the shocks were becoming opt ical ly  thick,  necessi ta t ing a  more ap­
propriate  t reatment  of  opaci t ies . )  At  each densi ty ,  the pre-shock temper­
ature  was es t imated and then compared to  the calculated f inal  temperature;  
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Table 4 .  Input  parameters  
Case A B C D E 
/M 
"" '0  1.2 1 .2  1. .2  1 .5  2.0 
P (days)  332 332 332 332 332 
Mode Fund.  Over .  Over .  Fund.  Fund.  
g 0 .2  0 .2  0.4 0 .2  0 .2  
S 0 50 50 50 50 50 
{log -8 .5  -8 .5  -8.5 -8 .5  -8 .5  
3000 3000 3000 3000 3000 
To 3000 3000 3000 3000 3000 
mQ 1 .25 1.26 1.26 1.26 1.26 
Table  5 .  Derived parameters  
Case A B C D E 
225 47 5  u non _/ 
Qo (days)  0 .108 0.035 0.035 0.110 0 .  113 
Va (km/s)  
-0  
45.1 31.0 31.0 49.0 54.4 
g . (cm/s-)  0 .651 0.145 0.721 0.823 
V (km/s)  
s  • • '  
9 .56 6.53 13.1 10.5 11.7 
In  I)  le  6 .  
R/K 
0 
1.000 
1.072 
1.150 
l .%37 
1.333 
1.440 
1.559 
1.593 
1.114!)  
2 .017 
2.214 
2.442 
2.709 
3.024 
3.402 
3.864 
Dynamic a tmosphere:  Case A 
<P Q (days)  
0  0.1079 2 .460 9.027 
0.040 0.0973 2 .378 8.720 
0.085 0.0875 2 .295 8.416 
0.134 0.0784 2 .210 8.115 
0.188 0.0701 2 .122 7.818 
0.248 0.0624 2 .032 7.522 
0.316 0.0554 1  .939 7.229 
0.391 0.0490 1.842 6.937 
0.477 0.0431 1 .742 6.646 
0.574 0.0377 1  .637 6.356 
0.685 0.0328 1 .  528 6.066 
0.814 0.0283 1 .413 5.776 
0.964 0.0242 1 .291 5.485 
1.142 0.0205 1 .162 5,191 
1.356 0,0172 1  .024 4.894 
1.616 0.0142 1  .000 4.592 
aV(•^) S log Pj log 
31.23 50,00 -  6.801 -  8.500 0.0594 
29.46 32,20 -  7.492 -  9.000 0.0652 
27.73 23.22 -  8.134 -  9.500 0.0717 
26.05 17.82 -  8.749 -10.000 0.0792 
24.41 14.22 -  9.347 -10,500 0.0879 
22.81 11.65 -  9.934 -11.000 0.0979 
21.24 9.72 -10.512 -11,500 0.1096 
19.71 8.23 -11.085 -12.000 0.1235 
18,22 7.04 -11.653 -12.500 0.1399 
16,76 6.07 -12.217 -13.000 0.1597 
15.33 5.26 -12.779 -13.500 0.1838 
13,94 4.58 -13.339 -14.000 0.2136 
13,57 4 .01 -13.897 -14.500 0.2510 
11,22 3,51 -14.455 -15.000 0.2987 
9,90 3.08 -15.012 -15.500 0.3611 
9,18 2.81 -15.551 -16.000 0.4447 
Table 7. Dynamic atmosphere: Case B 
K/K„ 'P Q (clays)  
V 
f /v  
0 
1 .000 0 0.0350 ] .579 
1 .  o:m 0.068 0.0331 ], .535 
1.079 0.140 0.0312 1  .490 
1.122 0.217 0.0294 1  .444 
1.168 0.298 0.0277 1  .397 
1.217 0.385 0.0261 1  .349 
1.270 0.477 0.0245 1  .299 
1.325 0.576 0.0229 1  .249 
1.3813 0 .682 0.0215 1  .197 
1.449 0.795 0.0201 1  .144 
1.518 0.917 0.0187 1  090 
1.593 1.049 0.0174 1  033 
1.674 1.192 0.0162 1  000 
1.761 1.347 0.0150 1  000 
1.656 1.516 0.0138 1  000 
1.961 1.700 0.0127 L 000 
V^(Ml)  flV( - ' f i )  s  log Pj log P„ 
6.202 16.00 50.00 6.801 -  8.500 0.0812 
6.086 15.43 35.87 -  7.145 -  8.700 0.0859 
5.970 14.86 27.62 -  7 .459 -  8.900 0.0911 
5.854 14.31 22.21 ~ 7 .753 -  9.100 0.0968 
5.737 13.75 18.39 -  8.035 -  9.300 0.1030 
5.621 13.20 15.55 -  8.308 -  9.500 0.1097 
5.504 12.66 13.36 -  8.574 -  9.700 0.1172 
5.387 12.12 11.62 -  8.835 -  9.900 0.1253 
5.269 11.58 10.20 -  9.091 -10.100 0.1344 
5.151 11.05 9.02 -  9.345 -10.300 0.1445 
5.033 10.52 8.03 -  9.595 -10.500 0.1557 
4.914 9.99 7.19 -  9.843 -10.700 0.1682 
4.794 9.59 6.53 -10.085 -10.900 0.1823 
4.673 9.35 6.04 -10.319 -11.100 0.1981 
4.552 9.10 5.61 -10.551 -11.300 0.2161 
4.429 8.86 5.22 -10.782 -11.500 0.2367 
Table 8. Dynamic atmosphere: Case C 
V 
R/R,  
1.000 
1.048 
1.098 
1.151 
1.208 
1 .268  
1.332 
1.400 
1.473 
1.550 
1.633 
1.721 
1.816 
1.918 
2.027 
2.145 
4» Q (day: ; )  'F  /V 
0 
0.042 
0.087 
0.134 
0.184 
0.237 
0.294 
0.354 
0.418 
0.487 
0.560 
0.638 
0.722 
0.812 
0.909 
1.013 
0.0350 
0.0326 
0.0304 
0.0283 
0.0264 
0.0245 
0.0228 
0 . 0 2 1 1  
0.0196 
0.0181 
0.0168 
0.0155 
0.0143 
0.0132 
0.0121 
0.0111 
1.579 
1.525 
1.470 
1.414 
1.358 
1.301 
1.243 
1.185 
1.125 
1.065 
1.005 
1 ,000  
1.000 
1.000 
1.000 
1 .000 
12.404 
1 2 . 1 1 8  
11.837 
11.559 
11.285 
11.014 
10.746 
10.482 
10 .221  
9.963 
9.708 
9.455 
9.205 
8.957 
0.712 
8.469 
aV(^) S log pj log "' 'r^ 
31.99 50.00 -6.801 -  8.500 0.2012 
30.60 33.61 -7.074 -  8.600 0.2128 
29.23 24.97 -7.303 -  8.700 0.2253 
?7.90 19.63 -7.507 -  8.800 0.2388 
26.60 16.02 -7.695 -  8.900 0.2534 
25.34 13.40 -7.873 -  9.000 0.2692 
24.10 11.43 -8.042 -  9.100 0.2862 
22.90 9.90 -8.205 -  9.200 0.3048 
21.72 8 .66 -8.362 -  9.300 0.3249 
20.58 7.65 -8 .516 -  9 .400 0.3469 
19.46 6.81 -8.667 -  9.500 0.3710 
18.91 6.25 -8.804 -  9.600 0.3973 
18.41 5.78 -8.938 -  9.700 0.4263 
17.92 5.37 -•9.070 -  9.800 0.4582 
17.42 5.01 ••9.200 -  9.900 0.4935 
16.94 4.69 "9.329 -10.000 0.5327 
Table !)  Dynamic a tmosphere:  Case D 
R/R 0 4» 
( )  (days)  
1 .000 0 0.1102 2,476 
1.068 0.038 0.0999 2.399 
1.142 0.078 0.0903 2.320 
1.223 0.123 0.0815 2.240 
1.312 0.172 0.0734 2.158 
1.410 0.226 0.0659 2.074 
1.518 0.286 0.0590 1.987 
1.638 0.352 0.0526 1.898 
1.7/1 0.426 0.0468 1.806 
1.921 0.509 0.0414 1.711 
2.0H9 0.602 0.0365 1.612 
2.281 0.707 0.0320 1.509 
2.499 0.828 0.0279 1.402 
2.751 0.967 0.0242 1.290 
3.043 1.123 0.0208 1.171 
3.387 1.318 0.0177 1.046 
Vo(~)  ûV(^)  s  log Pj log 
9.793 34.04 50.00 -  6.801 -  8.500 0.0565 
9.476 32.21 32.86 - 7.483 -  9.000 0.0616 
9.164 30.43 23.99 -  8.120 -  9.500 0.0672 
8.855 28.69 18.58 -  8.731 -10.000 0.0736 
8.550 27.00 14.94 -  9.326 -10.500 0.0809 
8.248 25.35 12.32 - 9.909 -11.000 0.0892 
7.949 23.74 10.35 -10.485 -11.500 0.0987 
7.652 22.18 8.82 -11.054 -12.000 0.1098 
7.358 20.64 7 .60 -11.619 -12.500 0.1227 
7.066 19.15 6.60 -12.181 -13.000 0.1378 
6.775 17.70 5.77 -12.739 -13.500 0.1557 
6.484 16.27 5.06 -13.295 -14.000 0.1771 
6.195 14.88 4. '47 -13.850 -14.500 0.2031 
5.905 13.52 3.95 -14.403 -15.000 0.2747 
5.614 12.19 3.50 -14.956 -15.500 0.2350 
5.321 10.88 3.11 -15.508 -16.000 0.3249 
Table 10. Dynamic atmosphere: Case 
IV R. 
1.000 
1.064 
1.133 
1 .208  
1.290 
1.378 
1.475 
1.582 
1.699 
1 .828  
1.9/1 
2.130 
2.308 
2 .508 
2 .734 
2 .992 
4> 
0 
0.034 
0.071 
0 . 1 1 2  
0.156 
0.203 
0 .255 
0 .313 
0.375 
0.445 
0.522 
0.607 
0.703 
0.810 
0.932 
1.070 
Q (clays) 
0.1133 
0.1032 
0.0939 
0.0853 
0.0773 
0.0700 
0.0632 
0.0569 
0.0512 
0 .0458 
0.0409 
0.0364 
0 .0323 
0.0285 
0.0251 
0.0219 
Vf  
2.497 
2 .425 
2 .351 
2 .276 
2 .199 
2 . 1 2 1  
2.041 
1.960  
1.876 
1.790 
1.702 
1.611 
1.517 
1.419 
1.318 
1 .212 
V,(^)  
10.876 
10.545 
10.218 
9 .895 
9 .570 
9 .264 
8.954 
8.648 
8.345 
8.045 
7.748 
7.453 
7.160 
6.868 
6.578 
6.288 
AV(f) S log Pj log "o/p^ 
38.04 50.00 - 6.801 -  8 .500 0.0534 
36.11 33.59  - 7.474 - 9.000 0.0577 
34.24 24.86 - 8.104 - 9.500 0.0626 
32.42  19.45 - 8.711 -10.000 0.0679 
30.64  15.77 - 9.302 -10.500 0.0738 
28.91 13.10 - 9.883 -11.000 0.0806 
27.23  11.09 -10.455 -11.500 0.0882 
25.60 9.52 -11.021 -12.000 0.0968 
24.00 8.26  -11.583 -12.500 0.1066 
22.45  7 .22  -12.141 -13 .000 0.1178 
20.93  6 .36  -12 .696 -13.500 0.1308 
19.46 5.63 -13.249 -14.000 0.1459 
18.02 5.01  -13.800 -14.500 0.1636 
16.62 4.47 -14.349 -15.000 0.1845 
15.25 4.00 -14.897 -15.500 0.2094 
13.91 3.59 -15.445 -16.000 0.2395 
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the  calculat ion was repeated unt i l  the  f inal  temperature  agreed reasonably 
wel l  wi th  the pre-shock temperature .  The resul ts  of  the individual  re lax­
at ion calculat ions provide detai led information on the physical  s t ructure  
of  the relaxat ion zone as  a  funct ion of  t ime for  each of  the densi t ies  
considered.  The combined resul ts  provide an overview of  the physical  and 
chemical  configurat ion of  the atmosphere.  
Equi l ibr ium Time 
In the re laxat ion zone calculat ions,  the pre-shock gas  was assumed 
to  be in  an equi l ibr ium configurat ion;  the val idi ty  of  th is  assumption was 
checked by computing the t ime ( t^^)  required for  the post-shock gas  to  
a t ta in  equi l ibr ium. For  th is  purpose,  the gas  was def ined to  be in  
equi l ibr ium when the thermal  energy f ract ions ( f j^)  of  the current  and 
target  configurat ions were within 1% of  each other .  The var ia t ion of  t^^ 
with the pre-shock densi ty  Pq is  shown in  Figure 3 .  The equi l ibr ium 
t ime i s  s t rongly dependent  on the densi ty ,  as  expected,  s ince equi l ibr ium 
is  rsachsd by ccl l is ional  processes .  Furthermore^ a t  densi t ies  lower than 
=10~'^5 the equi l ibr ium t ime approaches the typical  LPV per iod;  this  im­
pl ies  that  in  the regions of  low densi ty  (e .g . ,  in  the upper  levels  of  
the atmospheres  of  cases  A,  D,  and E) ,  repeated shock passages wil l  pre­
vent  the gas  from establ ishing equi l ibr ium; a  s teady-state ,  non-equi l ib­
r ium configurat ion may resul t  instead,  depending on the regular i ty  of  
the shocks.  
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Temperature  Structure  of  the Relaxat ion Zone 
The temperature  his tor ies  of  s ix  of  the mass shel ls  are  shown in  
Figure 4 .  (The t ime t  is  measured from the arr ival  of  the shock f ront . )  
The in i t ia l  point  for  each curve i s  a t  100?,  where x i s  the t ransiat ional  
re laxat ion t ime;  in  each case,  s ignif icant  changes do not  occur  unt i l  
t  > IOOOOt .  This  supports  the asser t ion that  the kinet ic  temperature  i s  
a  val id  quant i ty  in  the relaxat ion zone.  
The sharp drop in  temperature  observed a t  the higher  densi t ies  i s  
the resul t  of  a  sudden re lease of  e lectrons from hydrogen a toms.  Since 
this  ionizat ion is  caused by e lectron col l is ions,  a  rapid accelerat ion 
occurs  as  more e lectrons are  l iberated,  resul t ing in  a  swif t  t ransi t ion 
toward equi l ibr ium. At  the lower densi t ies ,  the process  i s  more gradual  
s ince s ignif icant  ionizat ion already exis ts ,  and the col l is ion rate  is  
much lower.  
The gradual  diminut ion of  the temperature  "spikes"  with lower densi­
t ies  is  due to  the weaker  shocks encountered by these mass shel ls .  
Temperature  Structure  of  the Atmosphere 
The re laxat ion zone prof i les  were combined in  Figure 5 to  show the 
var ia t ion of  temperature  with phase,  for  each densi ty  level  in  the atmos­
phere.  (All  temperature  spikes  extend beyond the upper  l imits  of  the 
graph.)  The denser  levels  each exhibi t  a  re la t ively f la t  temperature  
curve interrupted only by a  narrow spike a t  the t ime of  the shock.  At  
the lower densi t ies ,  the temperature  decl ine is  more gradual  as  the cool­
ing process  occurs  over  a  greater  pcr t icn of  the cycle .  For  the  higher  
densi t ies ,  and to  a  lesser  extent ,  for  the lower densi t ies ,  the gas  can 
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be character ized by the f inal  temperature  (T^)  reached before  arr ival  of  
the next  shock.  Figures  5  and 7 depict  as  funct ions of  pre-shock 
densi ty  and radius ,  respect ively.  
The value of  i s  pr imari ly  dependent  on the densi ty ,  as  this  con­
t rols  the react ion rates  and the cool ing ra tes ;  a  weaker  dependence on 
the shock condi t ions was seen.  Therefore ,  temperature  resul ts  obtained 
from other  dynamic a tmospheres  (e .g . ,  cases  B through E) a t  the same 
densi t ies  can be expected to  be very s imilar  to  the resul ts  of  case A.  
This  implies  that  a  higher  densi ty  atmosphere (e .g . ,  one for  an 
overtone pulsator)  should operate  a t  a  lower temperature  than a  lower 
densi ty  atmosphere (e .g . ,  one for  a  fundamental  pulsator) .  Phase aver­
aged exci ta t ion temperatures  might  be employed to  dis t inguish (s ta t is­
t ical ly)  between pulsat ion modes.  Since the temperature  vs .  phase pro­
f i les  are  re la t ively f la t  a t  the higher  densi t ies ,  the per iod of  the 
s tar  should not  inf luence the observed temperature .  The short  per iod 
Miras ,  for  example,  which general ly  have higher  temperatures  than Miras  
with longer  per iods,  are  therefore  more l ikely to  be fundamental  mods 
pul  sa tors .  
AlH Formation Rate  
The degree of  ionizat ion and dissociat ion present  a t  equi l ibr ium 
depends on the densi ty  and temperature .  The ra t ios  Hg/H,  H' /H,  AlH/Al,  
and Al ' /Al  are  shown in  Figure 8  for  the range of  pre-shock condi t ions 
considered.  As expected,  the molecular  species  are  s ignif icant ly  less  
abundant  a t  the lower densi t ies .  This  fact  direct ly  affects  the formation 
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the  lower the target  value,  the lower the potent ia l  formation ra te .  In  
addi t ion,  s ince col l is ions are  less  frequent  and the required neutral  
species  are  less  dominant  a t  low densi t ies ,  the AlH formation ra te  can 
be expected to  fa l l  off  Snarply with decreasing densi ty .  
This  effect  can be seen in  Figure 9 ,  which shows var ia t ions in  the 
AlH formation ra te ,  F(#/cc/s) ,  with phase,  for  the range of  mass shel ls  
considered.  The points  a t  the r ight  s ide of  the diagram are  the ra tes  
which are  sustained for  the longest  t ime intervals  and,  hence,  are  most  
important .  From this  graph i t  appears  that  the formation ra te  decreases  
by about  three orders  of  magnitude for  a  drop in  densi ty  of  one order .  
In  Figure 10,  the posi t ions of  the mass shel ls  are  shown as  funct ions 
of  phase,  for  pre-snock densi t ies  ranging from 10 to  10"^^ '^ .  The 
region of  AlH formation by inverse  prsdissociat ion is  indicated by sol id  
c i rc les ;  outs ide this  region the reverse  (dissociat ion)  process  dominates  
as  the gas  expands toward i t s  or iginal  densi ty .  The AlH formation region 
is ,  thus,  an expanding shel l  of  decreasing densi ty .  The volume expansion 
ra te  of  the shel l ,  however ,  1s  no more tnan i -2  oraers  of  magnirude per  
cycle:  thus,  the combined effect  of  the  decreasing formation ra te  and t i .e  
expanding formation shel l  i s  s t i l l  an emission ra te  which decreases  s tead­
i ly  with phase.  The observed var ia t ions in  the AlH emission l ines  then 
cannot  be a t t r ibuted simply to  var ia t ions in  the formation ra te .  They 
can be explained,  however ,  by consider ing some aspects  of  the radiat ive 
t ransfer  problem. 
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Solut ion of  the t ransfer  problem in  this  case i s  not  a  s t ra ightfor­
ward exercise;  geometr ical  considerat ions alone make a  quant i ta t ive pre­
dict ion of  the emission intensi ty  extremely diff icul t .  Figure 11 i l lus­
t ra tes  the approximate goemetry of  the s tar  near  phase 0 .5 ,  Omit t ing de­
ta i ls  beyond the upper  shock.  The l ined areas  indicate  regions where 
molecules  of  AlH absorb emission from the lower formation shel l .  The 
cont inuum radius  of  the s tar ,  represented by R^,  var ies  with phase,  in­
creasing near  maximum l ight  and la ter  decreasing as  the lower shock be­
comes opt ical ly  thin in  the cont inuum. The thickness  of  the formation 
shel l  a lso var ies ,  and the formation ra te  within each shel l  i s  not  con­
s tant .  The densi ty  dis t r ibut ion of  the absorbing mater ia l  i s  not  wel l  de­
f ined as  these port ions of  the atmosphere are  in  varying degrees  of  f ree-
fa l l ,  fol lowing passage of  the shock.  
The resul t ing veloci ty  s t ructure  fur ther  complicates  the problem: 
the emission regions are  moving outwards while  the pr incipal  absorbing 
regions are  moving inwards.  Integrat ion of  the l ine prof i le  over  the pro­
jected s te l lar  disk ( including the formation shel l ]  should produce a  blue-
shif ted emission component  and a  red-shif ted absorpt ion,  component  with 
veloci t ies  on the order  of  0->VQ (v^=8km/s)  and (v^ = -18km/5) ,  
respect ively.  These components  should blend to  form a  P Cygni- type pro­
f i le ;  the exact  appearance of  the prof i le  wil l  depend,  of  course,  on the 
re la t ive s t rengths ,  shapes,  and displacements  of  the absorpt ion and emis­
s ion components .  The observat ion of  such prof i les  wil l  not  be easy as  the 
0  ^  
AlH l ines  l ie  in  a  re la t ively congested spectral  region v '+0G0-44G0A;.  In  
addi t ion,  exposures  made near  minimum l ight  to  record the br ight  l ine 
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spectrum wil l  not  adequately record the fa inter  cont inuum and absorpt ion 
features .  The blue-shif ted components  are seen,  of  course,  with veloci t ies  
comparable  to  the other  emission components  (Wal1erstein,  1975;  Herbig and 
Zappala ,  1953) ,  i r idicat ing a  common or igin for  All-!  sc iss ion and other  amis­
s ion l ines .  
Because the t ransfer  problem is  extremely complex,  a  r igorous solut ion 
is not performed here. Certain features of the emission line behavior can 
be invest igated,  a t  least  qual i ta t ively,  without  a  detai led solut ion.  The 
basic  features  to  be explained are  the lack of  AlH emission a t  ear ly  
phases ,  the  emergence of  th is  emission near  phase =0.3,  and the increased 
prominence of  these l ines  toward minimum l ight ,  near  phase =0.6.  (These 
features ,  together  with veloci ty  measurements ,  comprise  the observat ional  
data  on AlH emission l ines  in  LPVs.)  
As previously noted,  the AlH formation ra te  is  greatest  a t  the high 
densi t ies  which are  encountered a t  ear ly  phases  when the shock i s  low in  
the atmosphere.  The lack of  s t rong AlH emission l ines  a t  this  t ime im­
pl ies  that  the layers  overlying the formation snaTi  are  opt ical ly  inicK xo 
these l ines .  Emergence of  AlH emission must  then be due to  the changing 
opt ical  depth of  the overlying layers .  
The ra te  of  change of  the cont inuum opt ical  depth can be es t imated 
and compared tn  the observed ra te  of  emergence of  the AlH emission.  The 
cont inuum opt ical  depth (T )  i s  given by 
T = j ' lcpdx = ZcpAx (174)  
where < i s  the opaci ty ,  
V -Î  c  4- ko nafm rnnrHinpfa 
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and the integral  and the sum begin a t  the formation shel l  and include a l l  
overlying absorbing regions in  the l ine of  s ight .  The opaci ty ,  which 
depends on the s ta te  of  the gas ,  i s  approximated as  a  constant  for  these 
calculat ions.  The dominant  factor  in  the above sum^at icw is  thsr .  the  
densi ty ,  which decreases  by several  orders  of  magnitude over  the dis tance 
between shocks;  the pr incipal  contr ibut ion to  the summation i s  made by the 
densest ,  and therefore  lowest ,  layers  of  the absorbing regions,  which are  
found just  above the formation shel l .  The var ia t ion of  the opt ical  depth 
i s  then given by 
where p i s  the densi ty  in  the lowest  layer  and 
p* is  the reference densi ty  a t  which T = 1 .  
Three different  densi t ies  represent ing different  opaci ty  sources  are  
invest igated:  
i s  the post-shock densi ty ,  represent ing absorpt ion by 
^ In V* on inn* 11 ^  ^  1 I  W I  I I I  ^  • I  ^  ^  ^  
P i s  the prs-snock densi ty ,  represent ing absorpt ion by pre-
chnrL'  maforial  •  
I ^ U ! IC L/f IVJ V» ^ ry tti I AIM 
sorpt ion by AlH ahead of  the shock.  
Each of  these densi t ies  i s  used (separately)  to  est imate  the var ia t ion of  
T with t ime and the effect  of  th is  var ia t ion on the emission ra te .  
The formation ra te  (F)  shown in  Figure 9 represents  the number of  
pnotons re leased in  the formation shel l  per  cm"^ par  second.  For  th is  
discussion,  F wi l l  refer  to  the maximum ra te ,  which occurs  a i  t  = (O. i )P 
75 
behind the shock.  The number of  these photons which escape from the s tar  
is  represented by the emission ra te  E (#/cc/s) ,  which can be approximated 
by 
E = F-e"^ .  (176)  
The var ia t ions of  E and F vs .  pre-shock densi ty  are  shown in  Figure 12.  
Curves A,  B,  and C resul t  from using pp p^,  and respect ively;  a l l  
three densi t ies  produce s imilar ,  peaked curves .  The posi t ion of  the peak 
depends on the choice of  reference;  t  = 1  at  logp^ = -11.5 was used for  a l l  
three curves.  Since log F vs .  logp^ is  essent ia l ly  l inear ,  the shape of  
the curve i s  preserved by a  shif t  in  the reference.  
Before the peak occurs ,  the emission ra te  is  negl igible;  as  the shock 
r ises  higher  in  the atmosphere,  the  densi ty  decrease causes  the shock to  
become opt ical ly  thin,  and the emission ra te  r ises .  This  i s  the apparent  
cause of  the emergence of  AlH emission l ines  near  phase =0.3.  Kil l  and 
Wil l  son (1979)  found that  the isothermal  shocks in  their  models  became 
opt ical ly  thin to  cont inuum radiat ion near  phase =0.2,  which i s  consis­
tent  with the descr ipt ion given above.  
The emergence of  AlH l ines  can be a t t r ibuted to  the changing opt ical  
depth of  the r is ing shock.  The same phenomenon i s  the most  l ikely cause 
of  the other  var ia t ions,  too.  The curves  in  Figure 12 indicate  that  the 
maximum range over  which an increasing emission ra te  can be sustained is  
1 .0  to  1 .5  orders  of  magni tude in  densi ty  (al lowing for  some expansion of  
the formation shel l ) .  In Figure 10,  1 .5  orders  of  magnitude in  densi ty  
covers  the range in  t ime from phase =0.3 to  0 .5 .  Thus,  the  ent i re  var ia­
t ion of  AlH emission l ines  can be explained by the change in  opt ical  
75 
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depth of  the shock as  i t  progresses  through the atmosphere.  For  the model  
considered,  th is  would require  that  T = 1  for  logp^ = -11.5 -12.  At  
phases  la ter  than minimum l ight ,  the rapidly decreasing formation ra te  
should cause tne AIH emission "co d iminisn s ignif icant ly .  I t  a lso im­
pl ies  that  AIH emission from the upper  shock wil l  not  be seen.  The ob­
served AIH emission l ines ,  therefore ,  or iginate  ent i re ly  from the relaxa­
t ion zone of  the lower shock;  veloci t ies  measured for  these l ines  are  con­
s is tent  with this  predict ion (Wallers te in ,  1975) .  
78 
CONCLUSIONS 
1 5 At densi t ies  <'^10" ,  the ionizat ion equi l ibr ium t ime is  comparable  
to  the pulsat ion per iod;  gas  a t  these densi t ies  should not  be assumed to  
be in  chemical  equi l ibr ium over  most  of  the cycle .  
In  the high densi ty  regions ( log > -12.5)  of  the atmosphere,  re­
laxat ion occurs  fas t  enough that  the temperature  prof i le  of  a  given mass 
shel l  approaches the isothermal  case.  
The minimum temperature  a t ta ined by the gas  in  the re laxat ion zone 
depends on the densi ty;  gases  a t  higher  densi t ies  reach lower tempera-
TUn Ç 4 M a  -Homriciv^a+11 v»o i . fk  4c  k incvaacoc wifh t t l lO IVwObll  I I I  Wk W W4II  ^  W I  Vk WW! 1^  — * 
Atmospheres  of  overtone mode pulsators  have higher  densi t ies  and,  
therefore ,  should exhibi t  lower average temperatures  than atmospheres  
of  fundamental  mode pulsators .  
The observed var ia t ions in  AlH emission with phase are  not  caused 
solely by var ia t ions in  the AlH formation ra te ,  which decreases  rapidly 
+ a nri Tncv^nacon ny^nminonpo I i  I  I  W Vk O 1 i  I  ^  V* Vmi i  I  O I *  X I  t  O W ^ I I  w > ^  ^  • I  W ^  Wk •  •  W M ^  f*  
of  the emission l ines  toward minimum l ight  are  caused by the increasing 
t ransparency of  the r is ing shock.  Fol lowing minimum l ight ,  the decl ining 
formation ra te  diminishes  the AlH emission l ines ,  prevent ing their  detec­
t ion in  the upper  shock;  th is  i s  consis tent  with the absence of  the l ines  
around maximum l ight .  
Origin of  these emission l ines  behind the r is ing lower shock causes  
a  blue-shif t  in  their  veloci t ies ,  which has  been observed.  Any AlH ab-
cnyn+Tnn roa+ti i roc t .mi  r  h 3  vq HaforfoH chni i lH ha rpr i -çhl  r tpH 
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